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Spectral  Analysis  of  the  Shuttle  GIq_w 


This  contract  to  observe  and  analyze  the  "Shuttle  Glow"  was  implemented  with  the  University 
of  Arizona  in  October  1986.^0  experiment  was  designed  to  record  the  spectral  content  of  the  glow 
emission  in  order  to  determine  its  origin,  its  interaction  with  the  Shuttle  orbiter,  its  related 
environment  and  the  atmosphere.  Early  in  the  program  the  task  was  undertaken  to  define  the  various 
adaptations  which  might  be  required  to  modify  the  experiment  for  various  flight  opportunities,  such 
as  IMPS,  SPAS,  HITCHHIKER  and  SPARTAN.  At  that  stage  of  the  program  flight  opportunities 
were  not  fully  defined,  and  the  design  of  the  experiment  was  re-configured  to  be  able  to  take 
advantage  of  whatever  flight  opportunity  arose.  The  early  funding  schedule  encouraged  a  program 
of  design  studies  to  meet  a  variety  of  requirements  and  possibilities  not  fully  defined  at  that  time. 

The  program  was  accepted  for  an  SDIO  flight  (the  Infrared  Background  Signature  Survey-- 
IBSS)  on  the  SPAS  II  carrier,  and  spacecraft  interface  meetings  began  in  April  1987  with  the  German 
contractor,  Messerschmitt-Bolkow-Blohm  GmbH  (MBB)  in  Munich.  Concurrent  with  the  experiment 
preparation,  software  programs  for  its  operation  and  control  were  being  developed,  along  with 
familiarization  and  training  of  personnel.  Testing  of  various  components  of  the  system  were  also 
undertaken  throughout  the  process. 

After  delivery  of  the  Arizona  Imager  Spectrograph  (AIS)  experiment  to  Hanscom  Air  Force 
Base  in  October  1988,  formal  testing  began.  Some  reworking  of  various  components  was  required, 
due  to  unanticipated  events  and  under-estimation  of  some  of  the  complexities  of  the  program,  as  well 
as  the  imposition  of  some  additional  requirements.  The  experiment  was  delivered  to  MBB  in  April 
1989,  where  it  was  supported  during  integration  and  acceptance  testing.  A  great  deal  of  travel  and 
shipping  activity  were  required  during  this  period  of  the  program  when  the  hardware  was  being 
integrated  with  the  platform.  Finally,  in  June  1990  the  SPAS  pallet,  carrying  the  AIS  experiment,  was 
delivered  to  Kennedy  Space  Center. 

In  the  meantime,  software  development  and  documentation  proceeded  with  a  number  of  IBSS 
collaborative  experiments  defined  and  programmed  in  the  operational  software.  These  were  presented 
and  approved  during  June  1990,  as  well.  After  several  delays,  the  AIS  experiment  was  flown  on  STS- 
39,  April/May  1991.  A  report  on  the  events  during  the  flight  is  attached.  Appendix  A.  The  data 
continues  to  be  reduced  and  analyzed  under  a  separate  contract.  Further  flights  of  the  AIS 
experiment  have  been  proposed. 

A  second  experiment,  the  Shuttle  Glow  Experiment  ("GLO"),  was  based  on  the  original  AIS 
design  and  development  concept,  but  for  a  Hitchhiker  class  Shuttle  flight.  Work  on  that  experiment 
had  been  in  process  since  September  1988,  on  a  non-interference  priority  status.  The  experiment  was 
manifested  on  STS-53.  Interface  meetings  have  been  attended  at  Goddard  Space  Flight  Center,  and 
the  experiment  was  nearly  complete  at  the  time  this  contract  ended.  A  copy  of  the  "GLO"  experiment 
"Customer  Payload  Requirements"  document  is  attached.  Appendix  B. 

The  experiment  design  approach  was  submitted  for  publication  in  Applied  Optics.  A  copy  of 
the  article  is  attached.  Appendix  C.  Publication  is  scheduled  for  June  1992. 

The  AIS  experiment  details  were  submitted  to  Applied  Optics  in  a  second  paper.  A  copy  of 
that  article  is  attached,  Appen^x  D,  also  to  be  published  in  June  1992.  Reprints  of  these  papers  will 
be  supplied  as  they  become  available. 
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APPENDIX  A 

Final  Report,  SFRC  F19628-86-K-0040 

The  Flight  of  the  Arizona  Imager/Spectrograph  Experiment 

on  STS  39 


Summary 

The  AIS  experiment  on  SPAS  11  was  very  successful  even  though  the  full  potential  of  the  experiment 
was  not  realized.  A  review  of  the  science  data  resulted  in  the  identification  about  40  sequences  in 
4  which  good  data  were  recorded  on  a  variety  of  subjects.  It  is  clear  that  these  observations  are  unique 

and  demonstrate  the  power  of  the  instrumental  approach.  On  the  other  hand,  the  data  is  cumbersome 
to  work  with  because  there  is  a  lack  of  supporting  data  which  are  necessary  for  critical  analysis  and 
demonstration  of  the  optical  performance  under  continually  changing  lighting  conditions. 

The  primary  factor  which  compromised  the  experiment  was  a  lack  of  understanding  of  how 
the  AIS  experiment  would  be  implemented  in  the  shuttle  system.  The  AIS  was  a  new  and  complex 
instrument  employing  seven  ICCD  detector  systems.  It  was  software  driven  and  depended  on  ground 
communication  to  tune  the  experiment  for  different  lighting  conditions.  Although  the  design  was 
developed  and  implemented  with  respect  to  a  specification,  those  specifications  changed  remarkably 
as  the  project  approached  shuttle  flight.  Direct  electronic  communication  with  the  instrument  could 
not  be  provided,  resulting  in  a  very  cumbersome  operation  and  serious  degradation  of  the  data  and 
the  AIS  experiment. 

This  was  the  first  shuttle  flight  for  our  group  and  we  add  to  our  successful  data  collection  a 
wealth  of  experience  in  the  form  of  "lessons  learned."  This  is  a  non-trivial  result  of  any  mission 
which  has  aggressive  scientific  goals. 


The  Arizona  ImaBer/Spectroeraph  lAlSl 

The  AIS  instrument  was  a  modern  design  imager/spectrograph  using  computer  technology  to 
gather  simultaneous  imagery  and  spectral  data.  The  spectral  range  from  115  nm  to  MOO  nm  was 
recorded  by  the  spectrograph  resulting  in  a  single  spectrum  represented  by  5000  contiguous  spectral 
elements.  The  spectrum  was  shuttered  simultaneously  with  12  spectral  imagers  having  selected  fields 
of  view  and  band  pass  spectral  filters  to  isolate  emissions  of  interest.  The  instrument  was  autonomous 
in  that  the  observational  sequences  were  stored  in  the  instrument  memory  and  activated  by  simplified 
ground  command.  Observational  sequences  for  several  orbits  could  tm  stacked  in  the  system  for 
sequential  operation. 

When  the  AIS  experiment  was  delivered  to  MBB  in  Germany  in  the  spring  of  1989,  there  were 
several  design  criteria  which  were  addressed  successfully  by  the  AIS  team. 

1)  Access  to  the  IBSS  recorder  was  not  possible  and  downlink  to  handle  the  AIS  data  was  not 
available.  An  optical  disk  "WORM"  drive  was  prepared  for  space  flight  in  a  few  months.  The 

•  capacity  of  200  megabytes  limited  the  data  collection  seriously  and  data  compression  was  initiated. 

2)  Communication  with  the  instrument  was  limited  to  1 1  discreet  commands.  A  software 

*  coder  and  decoder  were  developed  to  allow  the  file  of  about  100  commands  and  parameters  to  be 
pa.ssed  transparently  from  the  ground  support  equipment  (GSE)  to  the  instrument 

3)  The  command  stream  was  low  rate,  estimated  at  about  10  commands  per  second.  The 
instrument  control  unit  was  designed  to  operate  complete  observational  sequences,  "tempbtes," 
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autonomously.  Templates  could  be  stacked  in  order  of  sequential  operation.  This  allowed  the 
instrument  to  perform  its  experiments  with  minimal  communication  from  the  ground. 

4)  Since  this  was  a  new  instrument,  operational  problems  were  anticipated.  Extensive 
interrogative  routines  were  designed  to  assess  the  Instrument  Control  Unit  (ICU),  edit  the  memory 
bit  by  bit,  upload  programs  and  program  patches.  This  capability  was  provided  with  on-board 
routines  to  maintain  minimum  ground  command  requirements. 

5)  Experiments  were  designed  to  complement  each  of  the  active  IBSS  and  other  experiments. 
The  various  Pi’s  contributed  to  the  design  of  about  30  observational  sequences. 

As  we  approached  launch  it  became  clear  that  the  experiment  as  it  had  been  designed  was  not 
compatible  with  the  way  in  which  the  mission  would  be  operated.  The  primary  problem  identified 
was  the  number  of  commands  we  anticipated  sending  to  the  instrument.  The  AIS  experiment  team 
did  not  understand  this  problem  for  several  months.  Finally  we  realized  to  our  amazement  that  there 
was  no  mechanism  for  getting  electronically  prepared  command  sequences  into  the  shuttle  command 
computer.  All  commands  had  to  be  transferred  to  paper  and  entered  through  a  button  console. 

The  implications  of  this  defect  in  the  AIS  command  system  were  never  seriously  evaluated. 
The  AIS  experiment  team  expected  to  have  instrument  problems  on  orbit  because  of  the  complexity 
of  running  seven  intensifiers  and  CCD’s,  a  pointing  system,  and  responding  to  changing  lighting 
conditions.  The  AIS  was  primarily  a  computer  with  a  completely  customized  software  program.  The 
capability  to  monitor  its  performance,  analyze  any  problems  and  compensate  for  difficulties  through 
software  was  basic  to  the  design. 

The  IBSS/SPAS II  project  personnel  and  the  AIS  team  were  in  a  learning  mode  with  respect 
to  the  running  of  the  SPAS  or  the  AIS  on  orbit  through  the  shuttle  system.  Several  committee 
decisions  were  made  to  address  the  lack  of  communication. 

1 )  We  were  instructed  to  increase  the  number  of  templates  stored  on  board  the  instrument  to 
minimize  the  requirement  to  "edit"  on-board  templates.  The  template  load  increased  from  30  to  130 
combinations.  All  of  these  combinations  were  required  to  be  run  through  the  SPAS  system  to  verify 
that  there  was  no  interference  with  the  SPAS  operation.  Although  the  AIS  did  operate  successfully 
through  hundreds  of  templates  exercising  the  central  limit  switch,  that  switch  failed  aintost 
immediately  on  orbit. 

2)  An  additional  command  constraint  was  added  for  primary  operations;  no  ground 
commanding  would  be  allowed  while  the  SPAS  was  deployed.  This  required  that  the  template 
selection  be  made  and  edited  before  prime  operations  were  initiated.  Someone  became  aware  of  a 
software  trick  that  could  be  Initiated  to  edit  a  template  and  store  and  re-number  it.  The  AlS  team 
was  instructed  to  use  this  software  facility  as  an  operational  mode  to  reduce  the  necessity  to  have  the 
astronaut  change  the  template  number.  This  mode  was  imposed  without  serious  review  or  testing. 

The  fact  was  this  non-standard  operation  was  available  as  a  utility  for  system  testing  and  had 
never  been  considered  as  part  of  the  operational  function.  It  was  found  that  the  facility  did  not  have 
the  capability  to  handle  the  prime  mission  template  load.  It  was  found  on  orbit  that  there  were 
software  errors  in  part  of  this  facility  which  had  never  been  required  or  tested  before  flight. 

3)  These  committee  decisions  were  so  successful  in  reducing  the  AfS  command  impact  that 
this  most  serious  AIS  operational  problem  was  never  exercised  during  the  JIS  training  sessions.  This 
lack  of  training  and  responsiveness  to  the  AIS  emergency  commands  ultimately  ted  to  serious  damage 
to  the  AIS  instrument  on  orbit. 

The  AlS  observational  program  was  organized  to  satisfy  three  periods. 
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1)  Pre-deploy  would  be  used  to  evaluate  instrument  performance  and  set  limits  and  exposure 
times  for  experiments  pointing  at  or  near  bright  objects,  the  sunlit  shuttle,  the  sunlit  Earth,  etc. 
These  parameters  were  to  be  used  to  edit  the  deployed  operations  AIS  sequences  to  optimize  the 
experiments. 

2)  The  AIS  deployed  operations  were  "canned."  Downlink  engineering  and  monitoring  data 
were  received  except  when  classified  experiments  were  supported.  The  templates  were  very  specific 
in  operation  and  provided  little  or  no  pre-expeiiraent/ post-experiment  data  to  assist  the  analysis. 

3)  The  AIS  non-interference  experiments  were  scheduled  for  the  post-deploy  period. 


The  AIS  on  Orbit 

The  AIS  experiment  was  monitored  and  controlled  by  two  teams  from  the  University  of 
Arizona.  There  were  three  people  on  12  hour  shifts.  Replanning  was  supported  by  two  teams  from 
Lockheed  on  a  parallel  schedule. 

The  AIS  was  powered  six  hours  into  the  mission  and  was  checked  out  as  part  of  the  SPAS 
system.  The  instrument  responded  correctly  while  performing  its  functional  test  autonomously.  The 
preplanned  observational  sequences  were  initiated  about  10  hours  MET.  At  the  initiation  of  the 
second  template,  it  was  noted  that  the  center  limit  switch  was  not  detected  during  the  boresight 
command  and  the  scan  platform  continued  to  move  toward  the  CCW  limit.  We  vvjshed  to  stop  the 
sequence  to  evaluate  the  problem.  A  request  was  issued  to  send  our  express  emergency  command 
"AIS  OFF."  It  took  9  minutes  for  the  command  to  reach  the  instrument.  In  this  period  of  time  the 
scan  platform  continued  to  move  to  satisfy  the  “Boresight"  request  moving  between  the  center  limit 
switch  which  was  being  sensed  in  the  CW  direction  and  the  CCW  limit.  After  throe  cycles  the  CCW 
limit  switch  failed  "Closed."  The  platform  was  moving  toward  the  CW  limit  when  it  was  powered 
down. 


The  primary  failure  was  reasonably  benign  and  would  have  been  corrected  by  edits  to 
subsequent  templates  and  we  would  hove  not  sensed  a  switch  again.  The  second  failure,  with  the 
CCW  limit  switch  "Closed,"  was  very  serious.  As  long  as  the  switch  was  sensed  to  be  closed,  the  scan 
platform  was  inhibited  from  moving  in  the  CCW  direction  by  the  AIS  program.  The  limit  switch 
could  not  be  ignored  because  that  function  was  built  into  the  ROM. 

At  first  it  seemed  we  had  designed  the  ultimate  trap;  however,  a  plan  was  developed  by  the 
AIS  software  team  to  bring  the  scan  platform  back  into  operation.  For  CCW  rotation  it  was  necessary 
to  exit  the  primary  program  and  command  the  stepping  motor  directly.  Ilte  problem  was  to  find  the 
appropriate  exit  point  in  the  compiled  program,  jump  to  a  motor  command  subroutine  which  we 
stored  in  capacitor  backed  up  RAM,  move  the  scan  platform  a  number  of  steps,  and  return  to  the 
main  program.  The  difficult  part  was  doing  the  programming  through  the  very  incffici  mt  command 
system.  Nevertheless,  this  rather  remarkable  feat  was  accomplished  by  Kalynnda  Berens  and  Mike 
Fitzgibbon  demonstrating  that  they  were  in  fact  an  integral  part  of  the  AlS  instrument. 

The  AIS  was  returned  to  boresight  with  the  IBSS  about  2  days  3  hours  MET.  Ibe  parallel  task 
was  editing  the  deployed  operations  templates  to  remove  any  reference  to  the  boresight  command. 
These  edits  were  in  place  when  the  SPAS  was  unberthod  for  deployed  operations. 

Once  AIS  operations  began  again,  a  second  anomaly  occurred.  It  was  noted  that  in  some 
operational  sequences  the  HVPS  would  come  on  but  then  turn  off  again  as  if  it  were  overloaded. 
There  was  some  suspicion  that  the  visible  imager  intensifiers  and  their  part  of  the  HVPS  had 
something  to  do  with  the  failure;  they  were  not  used  again.  Unfortunately  the  SPAS  was  deployed 
before  this  anomaly  could  be  examined.  Several  of  the  deployed  operations  experiments  were 
compromised  by  this  failure  and  much  of  the  primary  data  was  lost. 


5 


An  instrument  interrogation  sequence  was  designed  to  examine  the  AIS  HYPS  problem  as  soon 
as  we  were  able  to  command  again. 

The  SPAS  was  berthed  about  4  days  13  hours  MET  and  the  HV  evaluation  sequence  was 
initiated.  An  operating  sequence  was  found  to  avoid  the  HYPS  failure  and  observation  continued. 
Except  for  the  massive  editing  process,  the  AIS  was  returned  to  an  active  operational  role.  Good 
sequences  were  run  from  the  shuttle  bay  and  an  active  and  successful  observational  program  was 
performed  while  the  SPAS  was  on  the  ARM.  The  ARM  sequence  began  about  S  days  1  hour  MET 
and  continued  to  6  days  1  hour  MET.  The  AIS  continued  to  observe  from  the  bay  until  7  days  12 
hours  MET. 
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Recommendations 


In  spite  of  the  problems  in  flight,  the  AIS  returned  valuable  data  on  many  targets.  It  also 
demonstrated  the  power  of  the  imager/spectrograph  instrumentation. 

The  AIS  was  a  new  instrument  with  extensive  spectrographic  and  imaging  capability.  We 
expected  it  would  have  some  problems  on  its  maiden  flight  but  we  expected  to  be  able  to  deal  with 
those  problems  through  electronic  communication  with  the  instrument.  Although  electronic 
communication  was  a  design  criteria,  the  impact  of  the  lack  of  such  communication  was  not 
recognized.  We  are  satisfied  now  that  the  AIS  worked  exceptionally  well  for  a  first  flight  of  a 
complex  instrument.  We  were  also  satisfied  that  problems  we  did  have  would  have  been  small 
perturbations  if  the  instrument  had  been  operated  in  the  mode  for  which  it  was  designed  and  tested. 

A  second  instrument  (GLO),  identical  to  the  AIS,  has  been  built.  All  of  the  improvements 
and  upgrades  necessary  to  make  the  AIS  a  first-class  scientific  tool  were  incorporated  in  the  GLO 
instrument  which  is  manifested  as  a  Hitchhiker  payload  on  STS-53.  Our  increased  knowledge  from 
that  experiment  will  be  passed  to  the  AIS  for  any  potential  future  flight  as  the  AIS  experience  was 
passed  to  GLO. 
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APPENDIX  B 

Final  Report,  SFRC  F19628-86-K-0040 


NASA 

HITCHHIKER-G  PROGRAM 
(SHUTTLE  PAYLOAD  OF  OPPORTUNITY  CARRIER) 

CUSTOMER  PAYLOAD  REQUIREMENTS 


CUSTOMER  PAYLOAD:  GLO  (Shuttle  Glow)  Experiment 
CUSTOMER:  AFGL/LPL(U.  of  A.) 


DATE: 


CUSTOMER  APPROVAL:  GSFC  APPROVAL; 

Hitchhiker  Mission  Manager  bate 

Hitchhiker  Project  Manager  Date 

PL/WSSI  APPROVAL: 

Dave  KnechT"  Site 

Date 


3  /y/ 

Ian  Gordoiti  *  Date 


Payload  Manager 


trizona 


9/3/91 


TABLE  1 


CUSTOMER  DATA 


CUSTOMER  PAYLOAD  NAME:  Shuttle  Glow  Experiment 
CUSTOMER  PAYLOAD  ACRONYN:  GLO 


CUSTOMER  NAME,  ADDRESS, 

AND  TELEPHONE  NUMBER:  A.  Lyle  Broadfoot 

Lunar  &  Planetary  Laboratory 
University  of  Arizona 
Tucson,  Arizona  85721 
(602)  621-4303 


NAMES  AND  PHONE  NUMBERS  OF  CUSTOMER  CONTACTS: 


ELECTRICAL:  Andrew  Hudor  (602)  621-4536 


THERMAL:  A.  L.  Broadfoot  (602)  621-4303 

MECHANICAL;  A.  L.  Broadfoot  (602)  621-4303 


CALENDAR  INI^RVAL  DURING  WHICH  FLIGHT  IS  REQUESl  ED: 
Fall  1992 


earliest  DATE  AT  WHICH  QUAfTFIED  PAYLOAD  WILI.  BE  AVAILABLE: 
April  1992 
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HITCHHIKER-G 


NASA  PROGRAM 

CUSTOMER  PAYLOAD  REQUIREMENTS 


1.0  INTRODUCTION 

This  accommodation  plan  defines  the  agreement  between  NASA/Goddard  Space  Flight  Center  (GSFC) 
and  the  Hitchhiker  Customer  concerning  the  unique  information  needed  for  the  preparation,  flight, 
and  disposition  of  his  payload.  The  general  plans  for  handling  of  Hitchhiker  payloads  are  described 
in  Hitchhiker  Customer  Interfaces  and  Services  Handbook. 

Appropriate  information  from  this  accommodation  plan  will  be  used  to  prepare  all  necessary 
documents  required  by  the  National  Space  Transportation  System  (STS). 

In  addition,  signature  of  the  CPR  by  the  Payload  Manager  is  his  certification  that  this  payload 
contains  no  items  having  commercial  value  that  will  bo  used  for  commemorative  purposes  and 
financial  gain. 

Customer  data  is  given  in  table  I . 

2.0  PAYLOAD  DESCRIPTION 

2.1  Mission  Objectives 

A  system  of  spectrographs  and  imagers  will  be  used  to  study  the  “Shuttle  Glow“  and  other 
atmospheric  emissions.  The  optical  instruments  are  co-aligncd  and  are  on  a  scan  platform  which  will 
allow  the  instrument  pointing  direction  to  be  changed  to  exantinc  the  “Shuttle  Glow“  from  different 
points  of  view.  The  shuttle  glow  is  known  to  be  variable  but  related  to  the  attack  angle  of  the  RAM 
vector  on  the  shuttle  surface.  Shuttle  glow  is  also  modified  by  water  dumping,  attitude  control  gas, 
and  other  normal  shuttle  operations.  There  may  be  sensitivity  to  sunlighting  of  the  near  shuttle 
atmosphere.  Measurements  of  the  spectral  content  will  allow  us  to  understand  the  nature  of  the 
interaction  between  the  Earth's  atmosphere  and  the  shuttle  craft  and  its  atmosphere.  The  effect  of 
the  shuttle  environment  on  optical  measurements  will  be  examined  carefully. 

2.2  Physical  Description 

The  payload  consists  of  6  physically  separate  iissemblios  which  are  listed  in  table  2.  For  each 
assembly  the  weight,  si/c.  and  field  of  view  (if  any)  requirements  arc  given,  along  with  allowable 
ranges  for  operating  and  nonoperating  (storage)  tcmpcratuies  and  average  |M)wer  dissipation.  The 
e.xpcriment  can  be  configured  for  HH-G  mounting  requirements.  Figures  I  through  3  show  the 
details  of  the  HH-0  mounting.  Two  experiment  mounting  plates  are  shown  from  various  views  with 
experiment  subsystems  shown  as  blocks.  These  drawings  will  be  u|>dafed  to  show  all  assemblies  and 
any  cables  imercoanecting  the  assemblies,  the  location  of  the  standard  electrical  interconnects, 
location  of  surfaces  requiring  fields  of  view,  and  location  of  any  items  requiring  access  such  as  purge 
ports  or  “red  tag"  covers. 

2.3  Payload  Functional  Pesetiption  and  Method 

The  following  is  a  brief  functional  description  of  the  payload  describing  methods,  techniques, 
and  hardware  elements  used  to  obtain  the  mission  objectives. 
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TABLE  2 

PAYLOAD  ASSEMBLIES 
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The  GLO  experiment  is  an  imager  and  spectrograph  covering  a  large  spectral  range,  1 15  nm 
to  1150  nm.  Our  primary  objective  is  to  examine  the  "Shuttle  Glow  Emission"  in  an  effort  to 
determine  the  nature  of  the  glow.  Secondary  targets  include  atmospheric  emissions,  day  and  night 
glow,  and  aurora.  One  of  the  best  areas  of  the  shuttle  for  examination  of  the  "shuttle  glow"  is  the  tail 
section  since  it  extends  out  of  the  immediate  environment  of  the  shuttle  body  and  presents  differing 
angles  of  attack  by  the  "RAM  atmosphere"  as  well  as  differing  angles  of  view  from  the  bay.  If  the 
GLO  scan  platform  is  mounted  high  on  the  G  plate,  the  best  view  of  the  tail  section  will  be  available. 

The  spectrograph  consists  of  5  separate  units  with  9  gratings  and  detectors  that  divide  the 
spectral  range  into  9  regions  of  about  1000  A  each.  Five  full  frame  CCD’s  are  interrogated  resulting 
in  83  K  spectral  samples  or  166  K  bytes  of  data.  For  30-second  exposures  the  data  rate  is  5.5  K 
bytes/second.  For  many  experiments,  1 -second  samples  are  required. 

From  the  imagers  three  half-frame  CCD’s  produce  approximately  166K  bytes  of  data/sample. 
For  30  seconds  between  exposures  the  data  rate  is  5.5  K.  bytes/second.  Again  for  many  experiments 
1 -second  samples  are  required.  The  auxiliary  sensor  data  rates  are  low  in  comparison  to  the  above. 

With  imagers  and  spectra  on  1  -second  cycles  the  data  rate  jumps  to  330  K  bytes/second  to  the 
data  recording  unit.  The  spectrographs  and  imagers  are  mounted  on  a  scan  platform  to  allow 
examination  of  the  immediate  shuttle  environment.  The  scan  platform  is  able  to  move  the  instrument 
in  both  elevation  and  azimuth  directions.  The  motion  is  limited  to  ±150*  in  elevation  from  the  +z 
direction.  The  azimuth  motion  is  ±190*  about  the  z  axis  of  the  STS. 

The  nature  of  the  observations  will  change  with  shuttle  attitude  and  solar  lighting  conditions. 
The  most  advantageous  observations  will  be  defined  after  the  shuttle  attitudes  have  been  defined. 
There  is  little  enough  known  about  the  shuttle  glow  that  few  requests  will  be  made  for  special 
attitudes.  The  instrument  will  be  operated  by  commands  from  the  ground.  Some  imaging  will  be 
transmitted  to  the  ground  over  one  of  the  1200  b/s  asynchronous  interface  to  assist  in  instrument 
control  and  pointing.  We  will  have  supplemental  data  storage  to  record  data  during  periods  when  the 
medium  rate  data  stream  is  not  available.  The  instrument  has  a  command  buffer  which  will  store  a 
sequence  of  commands  which  will  operate  the  instrument  for  several  orbits. 

2.4  Qaerational  Scenario 

A  brief  description  of  the  necessary  operations  scenario  to  achieve  the  payloads  mission 
objectives  appears  below. 

The  instrument  is  controlled  by  an  on-board  microprocessor.  Operational  sequence  templates 
are  stored  in  EPROM  for  operation  on  call.  The  operational  sequence  will  be  uploaded  from  the 
ground.  Timing  will  be  synchronized  by  use  of  an  internal  clock.  Commands  can  be  uploaded  in 
bursts  possibly  once  per  orbit  except  in  special  cases.  It  is  expected  that  most  observational  conditions 
will  be  available  through  the  unperturbed  flight  sequence.  Requests  may  be  made  for  special 
attitudes,  special  firings,  or  some  celestial  lock  opportunities  as  the  flight  sequence  is  developed. 

3.0  PAYLOAD  REOUIREMENTS  FQR  CARRIER  STANDARD  SERVICES 

3.1  CafrieiLto,PavlQadElectricalJnteffaces 

The  payload  will  meet  the  standard  electrical  interface  requirements  (including  connectors, 
pin  assignments,  impedances,  signals,  levels,  etc.)  specified  in  the  customer  payload  requirements 
document.  This  payload  will  require  of  the  standard  interface  connections  or  "ports."  For  each 
of  the  ports,  a  copy  of  table  3  has  been  enclosed  showing  which  of  the  standard  electrical  services  will 
required  by  the  p.iyload.  Unused  services  will  be  left  open-circuited  in  the  payload  unless  other 
termination  is  required  by  the  GSFC.  The  experiment  electrical  distribution  block  diagram  is  shown 
in  Figure  4.  1'hermal  control  is  not  indicated  on  this  diagram. 
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The  payload  will  meet  the  standard  mechanical  interface  requirements  specified  in  "Summary 
of  Customer  Interfaces  and  Services."  Mechanical  drawings  and  other  documentation  will  be  supplied 
in  sufficient  detail  for  the  GSFC  to  perform  user  accommodation  studies  and  ultimately  draft  the 
Mechanical  Interface  Control  Drawing  (MICD).  Section  2.2  addresses  most  of  the  information 
required  for  accommodation  studies.  Table  4  lists  the  data  required  for  inclusion  on  the  MICD.  A 
handling  fixture  will  be  supplied  for  units  weighing  over  70  pounds. 

3.3  Carrier  to  Pavload  Thermal  Interfaces 

The  thermal  interface,  power  and  control  will  be  necessary  but  is  not  defined  at  this  time 
pending  guidance  from  GSFC.  We  anticipate  the  need  for  thermal  control  of  both  mounting  plates 
possibly  in  the  temperature  region  of  0°  C  for  the  scan  platform  and  instrument  mount  plate  and 
+10*  C  for  the  DRU  mount  plate.  In  addition  we  will  provide  one  or  two  small  heaters  of 
approximately  2S  watts  each  in  the  scan  platform. 

3.4  Customer  Supplied  Ground  Support  Equipment  (CGSEl 

The  payload  will  require  customer  supplied  and  operated  Ground  Support  Equipment  to 
provide  controls  and  displays  for  the  payload  during  integration  of  payload  to  carrier,  system  tests, 
and  flight  operations  as  specified  in  table  3. 

3.5  Operations  Requirements 

On-orbit  operations  for  this  payload  will  be  continuous  from  first  turn  on  after  bay  doors 
open.  Scientific  data  can  be  acquired  at  all  attitudes  with  ground  control  of  the  experiment.  Special 
attitudes  will  be  requested  for  several  orbits  or  operational  cycles.  Table  6  shows  general  operations 
requirements,  and  the  characteristics  of  each  operating  cycle.  The  range  of  acceptable  orbit 
inclinations  and  attitudes  for  cycles  is  given  as  are  the  duration,  any  attitude  requirements,  and 
requirements  for  orbit  day  or  night.  The  maximum  power,  average  power,  and  energy  requirements 
are  given  for  each  cycle.  The  total  number  of  commands  expected  to  be  transmitted  is  shown  along 
with  requirements  for  low  rate  (LR)  or  medium  rate  (MR)  data  coverage  in  minutes. 

3.6  Gmund_QjetatiQJs  Reau  irements 

This  payload  will  require  handling  and  ground  services  as  defined  in  table  7. 

3.7  Safety 

Table  8  indicates  by  •*no“  or  “yes"  items  of  a  safety-related  nature  on  the  payload.  Details  of 
items  identified  "yes"  are  also  given. 
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WAGERS  spectrographs 


GLO  EXPERIMENT 
ELECTRICAL  DISTRIBUTION 


TABLE  3 


STANDARD  AVIONICS  PORT  REQUIREMENTS 


PORT  NUMBER;  1 

Number  of  bilevel  commands  (4  max): 
Number  of  thermistors  (3  max); 

Serial  Command: 

Asynchronous  uplink: 

Asynchronous  downlink: 

Medium  rate  KU-band  data  rate: 

PCM  serial  downlink  total  data  rate: 

PCM  Channel  A  data  rate: 

PCM  Channel  B  data  rate: 

Number  of  bits/Sample  A/B  (8  OR  16) 
PCM  analog  data; 

IRIG-B  GMT: 

GMTMIN: 

Crew  panel  switches 
Orbiter  CCTV  interface: 

Port  to  port  interconnect  required: 

Power  Circuit  A  -  amps  max 
Power  Circuit  B  -  amps  max 
Power  circuit  HTR  -  amps  max 
Total  energy  required  A&B  (kwh) 


0 

3  (HH  plate  sensors) 

1 

1 

250  kbps 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

3.6  A 
4.0  A 
1.8  A 
.21  kwh 


PORT  NUMBER:  2 

Number  of  bilevel  commands  (4  max): 
Number  of  thermistors  (3  max): 

Serial  Command: 

Asynchronous  uplink: 

Asynchronous  downlink: 

Medium  rate  KU-band  data  rate: 

PCM  serial  downlink  total  data  rate: 

PCM  Channel  A  data  rate; 

PCM  Channel  B  data  rate: 

Number  of  bits/Sample  A/B  (8  OR  16) 
PCM  analog  data: 

IRIG-B  GMT: 

GMTMIN: 

Crew  panel  switches 
Orbiter  CCTV  interface: 

Port  to  port  interconnect  required: 

Power  Circuit  A  «  amps  max 
Power  Circuit  B  -  amps  max 
Power  circuit  HTR  -  amps  max 
Total  energy  required  A&B  (kwh) 


0 

3  (HH  plate  sensors) 

0 

I 

250  kbps 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

HH  plate  heaters 
0 
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TABLE  4 


MECHANICAL  INTERFACE  CONTROL  DRAWING 
INFORMATION  CHECKLIST 


PROGRAM;  GLO  INSTRUMENT:  Imager/Spectrograph 


COMPONENT:  6 


Instr.  Component  Size  and  Shape 


Instr.  Axis  Orientation 
Origin 


Attachment  Location 

Reaction  Direction 
Details 


Envelopes 

Static 

Thermal 

Dynamic 


Size  and  Shape 
Mass 

Center  of  Mass 
Inertias 


Detector  FOV  Location 
Size 


Thermal  FOV  Location  Size 


Fluid  Service  Type 
Location 
Details 
Frequenc 


Electrical  Connector  Locations 
Orientation 
Identification 


Electrical  Grounding  Detail 


Radioactive  Sources  Type 
Strength 
Location 


Handling  Point  Location 
Details 


RECD 

INC 

agr 

REV 

29.5"  Dia. 
21.5"  High 


El  ±150*  from  +Z 
Az  ±190*  around  Z 


G  Carrier 
Bay  3  starboard 
&.  Sides 
TBD 


TABLE  4  (continued) 


MECHANICAL  INTERFACE  CONTROL  DRAWING 
INFORMATION  CHECKLIST 


PROGRAM;  GLO  INSTRUMENT:  Imager/Spectrograph 


Access  Areas  Identification 
Location 
Size 


Reference  Surface  Location 
Size 


Doors/Appendages  Identification 
Location 
Size 

Function 
Mass 
Inertia 
Duty  Cycle 


Remove/lnstall  Before/ After 
Flight  Items  Identification 
Location 
Size 

Function 


Ordinance/Actuators  Identification 
Location 
Type 
Function 


NOTES- -safety  precautions 
—special  provisions 
—test  configuration 
—shipping 
—environment 
—damage 
—cleanliness 
—materials 
—purge  provisions 


COMPONENT;  6 


RECD 

INC 

AGR 

REV 
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TABLE  5 


CUSTOMER  GROUND  SUPPORT  EQUIPMENT  (CGSE) 


Weight: 

900  lbs 

Number  of  assemblies; 

18 

Power  required  (Watts  total): 

1500  W 

Floor  space  required: 

12  ft.  X  10  ft. 

CGSE  will  generate  uplink  commands: 

Yes 

CGSE  will  receive  low  rate  customer  data: 

Yes 

CSGE  will  receive  medium  rate  data; 

Yes 

CGSE  will  receive  attitude  data: 

Yes* 

Number  of  standard  15A  1  t4V  AC  60  Hz  outlets  required: 

2 

*  There  is  a  need  for  real  time  flight  events  such  as  firings,  water  dumps,  etc.,  for  experiment  timing. 
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TABLE  7 


GROUND  OPERATIONS  REQUIREMENTS 


Maximum  and  minimum  allowed  storage  temperatures: 

Maximum  and  minimum  allowed  relative  humidity: 

Cleanliness  requirement  for  payload  integration  and  testing: 

Customer  supplied  ground  support  equipment  required 
to  service  payload  (excluding  CGSE  in  Section  3.4): 

Requirements  for  gases  or  liquids: 

Requirements  for  payload  servicing  at  launch  site: 

Requirements  for  access  during  orbiter  integration: 

Requirements  for  access  on  launch  pad: 

Requirements  for  post*ianding  access: 

Any  other  special  requirements  for  handling  at  integration  and 
test  or  launch  site  operations: 

Sizes  and  weights  of  items  required  for  shipment  to  integration 
or  launch  sites  (excluding  CGSE  of  Section  3.4): 

Item  Si£&  -Weight 

Lifting  fixture  36'‘><35“xr  10  # 

Hardware  support  kit  24*xlO'VIO*  40  m 


-50*  to  80“  C 
<  50% 

100,000 

Lifting  fixture 

Na 

None 

None 

Remove  covers 
Replace  cover 

Yes* 

Listed  below 


*  An  integration  verification  test  should  be  peiformed  to  ensure  proper  connector  mating  has  been 
achieved. 
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TABLE  8 


PAYLOAD  SAFETY  RELATED  ITEMS 


1. 

Contains  pressurized  volume(s): 

No 

2. 

Contains  radioactive  material: 

No 

3. 

Contains  light  or  RF  source: 

No 

4. 

External  electric  or  magnetic  fields: 

No 

5. 

External  electrically  charged  surface: 

No 

6. 

External  hot  or  sharp  surface: 

No 

7. 

Contains  toxic  material  (e.g.  HG,  BE): 

No 

8. 

Contains  outgossing  material: 

No 

9. 

Vents  fluids  or  gases: 

No 

10. 

Contains  cryogens: 

No 

li. 

Has  moving  external  parts: 

Yes 

12. 

Contains  explosive  devices: 

No 

13. 

Contains  or  generates  explosive  or 
flammable  material  or  gas: 

No 

14. 

Customer  supplied  GSE  contains  no  radioactive  material; 
light  or  RF  sources,  pressurized  volume: 

No 

15. 

Any  other  hazard: 

Yes 

De^ription  of  identified  haz2rd($): 

•  High  votiage  up  to  6  kv  between  spectrograph  and  high  voltage  power  supply 

•  Lithium  battery. 
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APPENDIX  C 


Final  Report,  SFRC  F19628-86-K-0040 


Applied  Optics  Paper:  "Application  of  the  intensified  CCD 
to  airglow  and  auroral  measurements" 
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4  reprint  from  Applied  Optics 


Application  of  the  intensified  CCD  to  airgiow  and 
auroral  measurements 

A.  L  Broadfoot  and  B.  R.  Sandal 


New  detector  technology  exemplified  by  advanced  CCD  and  intensified  CCD  (ICCD)  ^rstems  have 
important  advantages  for  both  spectrographic  and  imaging  research.  However,  to  realize  the  iUll  potential 
of  this  new  technology,  we  must  consider  the  detector  and  the  optical  system  as  a  whole.  It  is  frequently 
not  enough  to  simply  substitute  an  ICCD  for  an  earlier  detector;  rather,  to  achieve  optimum  results,  the 
optics  must  be  adapted  to  the  specific  detector.  Properly  designed  airgiow  spectrographs  based  on  the 
ICCD  detector  offer  the  advantages  of  high  throughput  over  a  broad  spectral  range,  precise  wavelength 
stability,  low  noise,  and  compactness.  Imagers  having  the  wide  field  and  the  high  sensitivity  needed  for 
airgiow  research  are  practical  as  well. 


i.  Introduction 

Quantitative  auroral  and  airgiow  spectral  measure¬ 
ments  were  first  made  by  photographic  emulsions  in 
spectrographs  and  cameras.  These  emulsions  re¬ 
corded  a  great  deal  of  information,  both  spectral  and 
spatial,  but  had  several  important  limitations.  Photo¬ 
graphic  plates  were  slow,  had  e  limited  spectral  range, 
end  were  difficult  to  interpret  quantitatively.  Early 
electronic  detection  systems,  such  as  the  vidicon  and 
image  orthicon  developed  for  the  television  industiy,‘ 
did  not  provide  a  quantitative  alternative.  The  devel¬ 
opment  of  the  photomultiplier^  was  an  important 
milestone. 

The  photomultiplier  had  sens  Uivity  to  single  photo¬ 
events  and  the  capability  for  high  time  resolution. 
Although  the  photomultiplier  was  approximately  2 
orders  of  magnitude  more  sensitive  than  the  photo¬ 
graphic  emulsions,  in  a  spectrograph  it  was  limited  to 
monochromatic  samples.  New  optical  designs  were 
optimized  for  photomultipliers.  By  the  early  1960*8 
emphasis  had  shifted  to  monochromaiot's  (sp^trome- 
ters),  but  the  photographic  spectrograph  was  still 
quite  competitive  when  large  spectral  ranges  and 
spatial  resolution  were  required.  Photometers  with 
interference  Alters  were  usefhl  as  high-through,<ut 
monitors  of  a  particular  wavelength. 
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The  most  recent  detector  development  has  been  in 
the  family  cf  solid-state  arrays,  including  CCD’s, 
charge-ii\jection  devices,  Reticon  photodiode  arrays, 
and  others.’^  Although  these  devices  have  been  avail- 
able  for  approximate  two  decades,  their  application 
has  been  slow  even  though  they  have  represented  a 
mtgor  advancement  in  capability.  We  have  been  using 
the  ICCD  in  our  observational  programs.  ICCD’s  can 
be  compared  with  the  detectors  mentioned  above  by 
noting  that  the  ICCD’s  have  the  same  sensitivity  to 
photons  as  do  photomultipliers  as  well  as  the  advan¬ 
tage  of  spatial  resolution.  With  the  ICCD  instead  of 
the  photographic  plate  in  a  spectrograph,  the  spectro¬ 
graph  has  single  photoelectron  counting  capability, 
an  improvement  of  approximately  2  orders  of  magni¬ 
tude  in  sensitivity  over  the  photographic  plate.  How¬ 
ever,  the  full  potential  of  this  improvement  cannot  be 
realized  by  simply  substituting  the  ICCD  for  the 
photographic  plate;  rather,  the  optics  must  be  rede¬ 
signed  and  adapted  to  thd  requirements  of  the  new 
detector. 

In  this  sense,  the  development  of  detector  systems 
and  scientiAcally  useful  applications  are  two  different 
concepts.  Several  good  review  papers  expound  the 
details  of  the  detectors  that  are  under  develop- 
ment.^  *^-^  These  descriptions  do  not  deal  with  many  of 
the  practical  aspects  of  application  except  in  a  futuris¬ 
tic  way.  Application,  as  discussed  in  this  paper,  means 
the  use  of  available  technology  to  make  sdenUAcally 
useful  measurements.  The  distinction  between  appli¬ 
cation  and  development  is  important  in  the  following 
diacussions  because  the  promises  of  detector  develop¬ 
ment  in  the  past  10  years  ore  familiar,  whereas 
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practical  applications  are  specialized.  Few  detectors 
qualify  as  candidates  for  use  in  general-purpose  instru¬ 
mentation. 

The  astronomy  community  has  taken  a  leading  role 
in  the  application  of  CCD’s  to  scientific  measurement 
over  the  past  15  years.  The  capabilities  and  shortcom¬ 
ings  of  the  CCD  are  well  understood.  In  the  use  of 
intensified  array  detectors,  astronomers  again  tried 
several  techniques  but  improvements  in  the  bare 
CCD  progressed  quickly  enough  to  satisfy  their  re¬ 
quirements.  The  Voyager  UV  spectrograph  launched 
in  1977  used  an  intensified  linear  array.’  It  has 
undoubtedly  the  largest  database  from  which  to 
study  the  application  of  array  detectors  that  can 
record  single  photoevents. 

The  development  research  and  application  of  CCD’s 
over  the  past  decade  have  resulted  in  understanding 
and  confidence  in  tlie  device.  This  is  a  result  of  both 
industrial  and  scientific  interest  in  the  CCD.  Another 
device,  the  pro.ximity  focused  image  intensifier,  that 
uses  microchannel  plates  and  a  phosphor  screen  on  a 
fiber-optic  output  faceplate,  has  become  readily  avail¬ 
able  and  can  replace  the  photomultiplier  in  many 
cases.  This  is  also  a  proven  product  resulting  from 
military  interest.  Other  detectors  under  development 
with  various  readout  techniques  do  not  fit  into  the 
category  of  proven  and  available.  They  fit  into  a  class 
of  special  application  and  in  our  opinion  cannot  be 
viewed  as  competing  devices  for  general  use  in  air- 
glow  and  auroral  measurements. 

The  ICCD  is  formed  by  fiber  optically  coupling  the 
output  of  the  proximity  focused  image  intensifier  to 
the  CCD  to  take  advantage  of  the  best  attributes  of 
both  devices.  The  task  is  then  a  matter  of  engineering 
and  verification  rather  than  of  detector  development. 
Here  we  discuss  the  use  of  ICCD's  in  two  types  of 
instrument  that  are  suited  for  measurements  of 
extended  sources,  such  as  airglow  and  aurora,  namely, 
spectrographs  and  imagers,  with  mqjor  emphasis  on 
the  former.  We  compare  their  performances  with 
alternative  detectors  and  discuss  factors  that  must  be 
considered  in  optimizing  an  observing  program  based 
on  them.  Among  these  are  noise  characteristics  and 
suitable  optical  designs.  In  contrast  to  the  develop¬ 
ment  of  specialized  sensors  needed  for  some  particu¬ 
lar  applications,  we  emphasize  the  idea  of  using 
standi  CCD’s  and  image  intensifiers  available  in 
standard  product  lines.  We  find  that  these  ore  suit¬ 
able  for  a  large  class  of  measurement  that  is  of 
interest  for  studies  of  aurora  and  airglow. 

(I.  OaneralCkmaldamUoiui  in  Uit  Application  of  CCD* 
andICCD'a 

The  bare  (unintensified)  CCD  has  been  used  exten¬ 
sively  in  astronomy.  The  attributes  of  the  device  that 
have  been  the  most  important  are  the  linear  response 
over  several  decades  of  dynamic  range  and  the  ability 
to  integrate  for  long  periods  of  time,  hours  at  liquid 
nitrogen  temperatures.  The  first  is  important  be¬ 
cause  the  data  are  in  a  digital  format  easily  manipu¬ 
lated  by  (omputera.  The  second  allowed  the  inte¬ 


grated  signal  from  weak  sources  to  exceed  the 
threshold  of  sensitivity.  The  threshold  was  fairly  high 
in  the  early  days.  The  Voyager  UV  spectrograph 
detector’  had  a  read  noise  of  IC  electrons  chosen  as 
an  easily  attainable  design  criterion,  although  a  level 
10  times  better  could  be  reached  with  special  effort. 
Modern  CCD  systems  exhibit  read  noise  in  the  several- 
electron  range,  approaching  the  ideal  detector.  How¬ 
ever,  they  have  other  problems  consistent  with  high- 
sensitivity  systems. 

The  intensified  CCD  has  all  the  attributes  of  photo¬ 
electron  counting  that  are  offered  by  the  photomulti¬ 
plier,  including  access  to  the  whole  photoelectric 
spectral  range  from  20  to  1200  nm  but  has  been  slow 
to  be  accepted  as  a  viable  detector  system.  We  pro¬ 
posed  the  fiber-optic  coupling  of  a  proximity  focused 
imaged  intensifier  to  a  Reticon  photodiode  array  for 
the  Voyager  spectrograph  in  1971  following  the  re¬ 
search  of  Riegler  and  More.®  The  first  ambitious 
application  of  the  ICCD®  was  initiated  in  1976  by 
these  authors  in  the  Imaging  Spectrometric  Observa- 
toiy  (ISO)  proposed  for  Spacelab  I.'®  Except  for 
advancements  in  electronics,  little  has  changed  in  our 
understanding  of  the  ICCD  as  a  detector  system.  It  is 
not  ideal,  but  it  is  readily  available,  has  been  used  in 
several  flight  instruments,  including  the  UV  imagers 
aboard  the  Viking  Earth  Satellite,"  *^  and  is  flexible  in 
configuration. 

The  CCD  and  the  ICCD  differ  considerably  in  use. 
A  primary  consideration  in  selecting  between  them  is 
their  thresholds  of  detection  for  a  given  integration 
time.  For  simplicity,  we  assume  in  the  following 
discussion  that  the  CCD  and  the  ICCD  have  identical 
quantum  efficiencies,  thereby  generating  photoelec¬ 
tron  events  at  equal  rates.  'The  CCD  is  bwically  an 
analog  detector,  but  its  sensitivity  is  high  enough  that 
it  is  evaluated  by  single-photon  (electron)  statistics. 
The  read  noise  is  typically  10-60  e‘  (electron-hole 
pairs)  rms,  and,  in  special  cases,  it  has  been  reported 
to  be  <10  o'  rms.  The  signal-to-noise  ratio  (S/N)  p 
for  a  read  of  a  single  pbcel  may  be  written  as 


where  S  is  the  number  of  electron-hole  pairs  gener¬ 
ated  by  the  signal,  D  is  the  number  resulting  fh>m 
thermal  dark  rate,  and  N  represents  the  contribution 
firom  the  read  noise  of  the  electronics.  We  take  M  to  be 
the  square  of  the  rms  read  noise.  Figure  1  shows  the 
curves  of  p  for  a  range  of  values  of  S. 

The  intrinsic  dark  count  rate  of  the  photon  count¬ 
ing  ICCD  is  veiy  small  on  a  per-pix^  basis.  For 
example,  the  dark  count  rate  of  a  cooled  5-20 
photocathode  of  diameter  26  mm  is  typically  10 
events/s.  Scaled  to  the  6  x  10'*  mm’  area  of  the  pixel, 
this  comfsponds  to  -iO'*  events  pixel  's  '.  Cath¬ 
odes  with  reduced  red  response  (higher  work  fime- 
tion)  are  less  noisy.  The  ICCD  curve,  in  the  interest¬ 
ing  range  of  the  CCD  curve,  is  a  straight  line.  In  Fig. 
1,  the  ICCD  curve  was  drawn  through  a  S/N  of  10  and 
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Sensitivity  (Royleigh-seconds) 
10’  10^  10^  10^  10®  10® 


Fig  1.  Signal-to-noise  ratio  p  for  CCD  and  ICCD  detectors  com¬ 
puted  by  using  Eq.  (1).  The  straight  tine  represents  the  ICCD  for 
which  N  is  effectively  zero  because  of  the  photoelectron  counting 
capability  of  the  ICCD.  The  curves  represent  CCD  systems  having 
readout  noise  of  10  and  50  electrons. 


100  then  extrapolated  through  1  without  regard  for 
the  statistical  implications  since  individual  photo- 
events  can  be  detected  by  the  ICCD. 

It  is  interesting  to  consider  the  meaning  of  the 
threshold  of  detection  for  each  detector  system.  The 
photoevent  counting  intensihers  are  the  most  straight¬ 
forward.  The  noise  is  dominated  by  the  shot  noise  in 
the  signal.  Long  integrations  give  the  same  results  as 
the  summation  of  multiple  short  samples  represent¬ 
ing  the  same  total  integration  time.  On  the  other 
hand,  the  read  noise  and  the  other  effects  in  the 
operation  of  the  CCD  limit  the  threshold  sensitivity. 
With  the  CCD,  the  most  effective  way  to  increase  p  is 
to  increase  the  integration  tim6--astronomers  use 
hours.  If  adjustment  of  the  integration  time  is  not 
acceptable,  two  other  approaches  can  improve  the 
statistical  performance  modestly.  They  are  referred 
to  as  on-chip  summation  and  off-chip  summation. 

For  photon  counting  detectors,  both  techniques 
(on-chip  and  off-chip  summation)  result  in  improved 
statistics.  The  photoevents  appear  as  a  burst  of  up  to 
10^  e°  in  the  CCD.  This  char^  overwhelms  the  lower 
level  of  noise  associated  with  normal  CCD  readout. 
Event  counting  statistics  will  prevail  (Fig.  1).  This  is 
not  the  case  for  the  bare  CCD. 

On-chip  summation  sacrifices  spatial  resolution  to 
minimize  the  number  of  read  operations  required  to 
measure  the  charge  on  the  chip.  The  technique  is  to 
move  the  charge  in  several  adjacent  pixels  into  the 
output  junction,  then  sample  and  digitize  the  accumu¬ 
late  charge  with  a  single  read.  Although  this  im¬ 
proves  the  ^al-to-noise  ratio  over  the  sensitive 
area,  the  question  of  interest  here  is  the  effect  on  the 
threshold  of  detection.  For  example,  if  10  pixels,  each 
having  a  signal  charge  of  60  e  ,  are  summed  on  chip, 
the  resulting  signal-to-noise  ratio  should  be  10.  If 
each  pixel  had  an  average  of  only  6  e*  and  was  shifted 
into  the  output  junction,  would  the  result  be  a 
signal-to-noise  ratio  of  unity?  There  is  the  question  of 
eSBciemy  in  handling  a  5-dectron  charge.  We  do  not 


know  of  research  that  deals  specifically  with  the  effect 
of  moving  small  numbers  of  charges.  In  any  case, 
there  are  other  noise  contributions  that  become 
significant  at  this  level  of  on-chip  summation.'  '  Any 
leakage  charge  on  the  pixels  would  be  summed  into 
the  output  gate  as  well  as  the  signal  charge.  It  appears 
that  there  would  be  difficulties  in  pushing  the  thresh¬ 
old  down  far  with  the  on-chip  summation  technique. 

Off-chip  summation  also  has  limitations  when  the 
signal  is  close  to  threshold.  First,  the  S/N  improve¬ 
ment  follows  the  square-root  law  in  this  case.  Al¬ 
though  areas  that  have  identifiable  intensity  struc¬ 
ture  will  improve  in  S/N,  it  is  unlikely  that  the 
summation  of  samples  with  a  S/N  of  unity  or  less  will 
result  in  a  recognizable  improvement  in  the  threshold 
of  detection.  The  effect  of  reducing  the  read  noise  to 
10  e'  is  shown  in  Fig.  1,  but  the  considerations  above 
are  still  valid  in  evaluating  the  threshold  of  detection 
atthelO-e  level. 

We  argue  that  the  two  devices,  the  CCD  and  the 
ICCD,  can  be  separated  in  their  application  by  their 
threshold  of  detection.  For  continued  discussion  we 
assume  that  the  CCD  has  a  threshold  of  detection  of 
approximately  50  photoevents  for  comparative  pur¬ 
poses.  Also,  we  assume  that  each  pixel  of  an  ICCD  can 
be  considered  as  a  photon  counting  device  that  pre¬ 
serves  the  Poisson  statistics  of  the  arriving  photons. 

The  dynamic  range  of  the  detector  is  generally  not  a 
limitation  for  either  CCD  approach.  The  limitation  in 
dynamic  range  in  many  cases  is  caused  by  internal 
scattering  in  the  optical  system  and  not  the  detector. 
The  bare  CCD  has  a  linear  response  from  its  thresh¬ 
old  to  pixel  saturation.  Depending  on  the  threshold 
and  the  full-well  charge  capacity  of  the  pixel,  the 
dynamic  range  can  be  greater  than  10\  Saturation  of 
some  pixels  does  not  affect  the  rest  of  the  pixels 
significantly.  This  dynamic  range  is  sufficient  for 
most  applications,  and  it  can  be  extended  by  exposure 
control. 

The  ICCD  dynamic  range  is  not  restricted  by  the 
detector  either.  It  is  delink  by  a  companion  digital 
memory  and  the  dark  count  rate  rather  than  by  the 
f\iil-well  capacity.  At  maximum  gain,  the  intensifier 
generates  approximately  500  e  /photoevent  in  a  CCD 
pixel.  This  implies  a  dynamic  range  of 600  events  for  a 
full-well  capacity  of  2.5  x  10"  e  ,  but  the  CCD  can  be 
read  out  often  and  the  events  accumulated  in  a 
companion  memory.  High  signal  levels  can  also  be 
handled  by  reducing  the  gain  of  the  intensifier.  The 
good  statistical  accuracy  implied  by  the  high  photo¬ 
event  rate  is  maintained  by  integrating  the  signal  on 
the  CCD;  the  only  statistical  penalty  is  a  factor  of  2' 
introduce  in  the  transition  from  pulse  counting  to 
pulse  integration.  The  Voyager  UV  detector  can 
integrate  the  signal  on  the  anode  array  when  the 
microchannel  plate  MCF  is  operated  at  iow  gain.  The 
result  is  a  markedly  extended  dynamic  range.  When 
the  Voyager  UV  spectrograph  observes  the  sun,  it 
measures  phoUievent  rates  up  to  3  x  10^  photoevents 
s  '  pixel  '.  At  full  gain,  photoevent  rates  of  5  x 
10  "  s  ‘  pixel  '  are  routinely  recorded  at  our  thresh- 
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old  of  detection.  The  full  dynamic  range  is  therefore 
approximately  10^  The  threshold  of  detection  for  the 
Voyager  UV  spectrograph  detector  is  similar  to  that 
of  the  ICCD  detector  system,  10  ^  events/s.  This 
threshold  is  higher  for  the  photocathodes  that  gener¬ 
ate  appreciable  dark  noise. 

The  ability  to  deal  with  igh  signal  rates  is  not 
usually  the  concern  in  typical  scientific  applications. 
Rather,  the  limiting  factor  is  usually  the  ability  to 
deal  with  weak  signals.  Scientific  observations  are 
most  often  driven  to  the  statistical  limit  to  improve 
temporal,  spatial,  or  spectral  resolution. 

For  many  investigations,  the  possibility  of  choosing 
the  photocathode  of  the  ICCD  to  reject  unwanted 
long-wavelength  emissions  gives  it  an  important  ad¬ 
vantage  over  the  bare  CCD.  For  example,  many 
diagnostic  emissions  fall  in  the  far  UV.  With  a  bare 
CCD,  scattering  from  near  UV  and  visible  wave¬ 
lengths,  where  the  solar  flux  is  orders  of  magnitude 
higher  than  in  the  far  UV,  can  compromise  measure¬ 
ments  of  the  features  of  interest.  A  solar-blind  photo¬ 
cathode  in  an  ICCD  is  a  convenient  solution.  We  do 
not  treat  this  advantage  quantitatively  because  it 
depends  on  the  specific  application,  but  it  is  poten- 
tisdly  a  crucial  point. 

III.  Application  of  Array  Detectors  to  the  Spectrograph 

In  the  following  discussions  we  concentrate  on  the 
use  of  the  ICCD  for  aeronomical  measurements, 
comparing  it  with  other  detectors  that  have  been  used 
for  that  purpose.  We  also  consider  the  bare  CCD,  but 
the  need  for  short  integration  times  in  most  aeronom¬ 
ical  observations  leaves  the  bare  CCD  a  poor  con¬ 
tender. 

There  are  five  important  differences  between  the 
ICCD  spectrograph  and  the  photomultiplier  mono¬ 
chromator  that  we  discuss  in  the  following  sections; 
(1)  optical  design  criteria  are  different;  (2)  optical 
throughput  or  speed  of  the  spectrograph  for  obtain¬ 
ing  a  complete  spectrum  is  improved  by  approxi¬ 
mately  2  orders  of  magnitude  because  of  the  multiplex¬ 
ing  nature  of  the  detector;  (3)  instrument  size  can  be 
decreased  by  a  factor  of  10  in  focal  length  or  Iff*  in 
volume  in  many  applications;  (4)  effective  dark  count 
rate  per  pixel  is  reduced  by  at  least  2  orders  of  magni¬ 
tude;  and  (5)  quality  of  the  data  is  improved  remark¬ 
ably  because  the  spectrograph  need  have  no  moving 
parts.  The  specific  application  will  determine  the  de¬ 
gree  to  which  those  improvements  can  be  achieved, 
but,  in  general,  the  advantages  are  almost  revolution- 
aiy. 

A.  Optical  Designs  and  the  ICCO  Detector  System 

In  Section  I,  we  noted  that  the  development  of  the 
photomultiplier  resulted  in  a  change  in  the  optical 
design  of  spectrographic  instruments  to  take  advan¬ 
tage  of  the  photomultiplier.  The  array  detector  also 
requires  spediil  optical  designs.  There  will  be  a  return 
to  the  spectrographic  configuration  hut  with  some 
new  constraints. 

Spatial  and  spectral  information  can  bo  obtained 
(h>m  the  spttctrograph,  but  this  requires  a  good 
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quality  image  of  the  entrance  slit  in  the  image  plane 
of  the  camera  system.  (Typically,  there  are  three 
imaging  optical  elements  defining  a  spectrograph: 
the  collimator,  the  dispersing  element,  and  the  cam¬ 
era.)  The  optics  for  a  monochromator  need  image 
only  the  width  of  the  entrance  slit  on  the  exit  slit  for 
good  performance;  a  one-dimensional  or  astigmatic 
image  will  suffice.  Fastie'"  was  quick  to  rediscover  the 
Ebert  monochromator,  which  had  not  seen  much  use 
since  its  original  description,*'^  presumably  because 
the  severe  astigmation  in  the  system  was  unsatisfac¬ 
tory  for  a  spectrograph.  Fastie  pointed  out  that  a 
similar  optical  system  could  cancel  spherical  aberra¬ 
tion  and  greatly  reduce  coma  by  the  use  of  complemen¬ 
tary  spherical  surfaces  for  the  collimator  and  camera 
optics  and  of  a  special  curved  slit  geometry.  The 
reflecting  optics  have  no  chromatic  aberration.  The 
result  was  a  high-throughput  high-resolution  mono¬ 
chromator,  the  Ebert-Fastie  (E-F).  However,  the 
curved  slit  and  astigmatic  optics  are  inappropriate  for 
the  rectangular  format  of  the  CCD.  Although  the  E-F 
optical  system  is  fast,  recording  the  full  spectrum  in  a 
single  exposure  on  the  ICCD  has  an  advantage  of 
approximately  2  orders  of  magnitude  over  the  E-F 
monochromator.  This  is  best  illustrated  by  a  direct 
comparison  of  the  E-F  monochromator  and  a  compa¬ 
rable  ICCD  spectrograph. 

The  performance  of  a  monochromator  or  spectro¬ 
graph  viewing  an  extended  source  can  be  estimated  by 
using  the  photometric  equation 


where  P  is  the  photoevent  rate  in  events  s'  ‘  pixel  *,  fl  Js 
the  brightness  of  the  source  in  photons  s '  ‘  cm '  *  s  ' , 
is  the  area  of  the  detector,  cos  (b  is  the  effective  area 

of  the  grating  of  area  A„  operating  at  an  angle  6,  F  is 
the  focal  length  of  the  camera  lens,  t  is  the  optical 
transmission,  n  is  the  efficiency  of  the  dispersing  ele¬ 
ment,  and  c  is  the  quantum  efficiency  of  the  detector. 

The  following  discussions  can  be  simplified  by  some 
substitutions  into  Eq.  (2).  The  area  of  the  detector 
can  be  replaced  by  the  effective  dimension  of  the  exit 
slit,  h,  the  length  of  the  slit,  and,  W,  the  width.  The 
grating  area  divided  by  the  focal  length  squared  is  a 
solid  angle  and  can  be  replaced  by  the  reciprocal 
/'•ratio  of  the  camera  optics  squared, 

A<co(k»  1 
f*  "4/^‘ 

The  modified  photometric  equation  is 

i3i 

For  this  comparative  study,  wc  assume  that  the 
transmission  of  the  optical  system  t,  the  grating  or 
dispersive  efficiency  q,  and  the  quantum  efficiency  e 
ore  equal  in  the  two  systems.  When  the  constwt 
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terms  are  collected  into  the  constant  /e,  the  expression 
becomes 


Table  I.  Monochromator-Spectrograph  Comparison 


P  =  k 


LW 

r ' 


(4) 


and  from  system  to  system  the  throughput  E  has  the 
proportionality 


This  can  be  made  more  specific  by  comparing  the 
performance  of  an  E-F  0. 125-m  monochromator  with 
that  of  a  spectrograph  having  equivalent  resolution, 
spectral  range,  and  /'-ratio  but  designed  around  the 
ICCD.  The  two  optical  systems  are  shown  in  Fig.  2. 
Table  I  lists  the  characteristics  of  the  two  designs. 

The  two  sets  of  design  parameters  have  been 
selected  to  produce  identical  spectra.  The  focal  length 
and  /'-ratio  were  taken  from  the  E-F  design.  A 
high-dispersion  grating  maximizes  the  throughput  of 
the  monochromator  and  three  grating  steps  per  slit 
width  were  used.  To  match  this  the  ICCD  system  has 
3  pixels  per  slit  width  and  a  grating  ruling  selected  for 
a  dispersion  of  3.3  A/pixel.  The  spectral  range  was 
determined  by  the  numbir  of  rows  in  the  ICCD  array 
so  that  each  spectrum  would  contain  676  samples. 

Because  the  /'•ratios  are  equal  in  the  two  instru¬ 
ments,  their  monochromatic  throughput  is  simply 


Ebert-rostie  ?-0  Detector 

Spectrometer  Spectro^roph 

>'i£  2.  ComparlMn  of  c  vunvoittiotuil  K-f'  Diiuctromi'ivr  with  u 
6{>etftro|^ph  di'«i|pKKl  to  uke  nidviinlata*  of  ituHiorn 
sional  dtHWinn.  to  lernu  of  the  time  roquirfd  to  ilu*  !«inu' 
renye  of  wavoWit^bii  at  Miuivaloiit  roiuiluiiiit)  anti  ataUittival 
accuracy,  theapacirocraph  hiutut  advuniu^ioof  a  fuiior  oftiU 
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the  ratio  of  the  areas  of  their  slits.  The  E-F  slit  is  9.6 
times  larger  than  the  slit  in  the  ICCD  spectrograph. 
However,  to  cover  a  range  of  1900  A  at  the  specified 
resolution,  we  must  step  the  E-F  grating  and  inte¬ 
grate  576  times.  Hence  we  must  consider  the  rate  at 
which  information  is  recorded,  and  we  find  that  the 
spectrograph  will  produce  60  spectra,  in  the  same 
time  the  E-F  monochromator  produces  a  single 
spectrum  of  comparable  quality.  Not  only  does  the 
spectrograph  gather  photons  60  times  fu.ster  than  the 
monochromator,  but  the  quality  of  the  data  is  im¬ 
proved.  Scattered  light  in  the  spectrograph  is  lower  by 
the  ratio  of  the  areas  of  the  slits,  a  factor  of  9.6.  The 
detector  and  the  optical  system  of  the  s|m’trograph 
hove  no  moving  parts,  so  internal  scattering  depends 
only  on  the  input  illumination  and  can  lie  measurtHl 
for  later  removal.  'In  the  sijectrograph,  the  wave¬ 
length  scale  is  fixed  by  the  unciuintpng  relationship  of 
the  optics  and  the  det«*cior.  In  c«mtrtist,  a  ivliable 
wavelength  scale  in  a  s|HH,*trometer  with  a  rotating 
gi'oting  depends  on  th(>  precision  of  the  mechanism 
that  positions  the  grating.  Temt>oral  variations  in  the 
sourw  are  recordi'd  over  the  entire  spectrum  simulta¬ 
neously  by  t  ho  s|HH,‘trograpli,  The  spectrograph  im¬ 
ages  tile  entrance  slit  on  the  detwtor.  so  that  tin* 
spatial  variution.s  in  the  soua'e  will  be  recorded.  All 
the  advantugt*s  fif  stKftrographs  with  photographic 
plates  am  lie  reuliml  in  the  ltX!|)  spectrograph. 

Flexibility  and  small  size  iire  additional  udvantug(.*s 
of  the  1(1(11)  siiectrograph.  The  optical  design  of  the 
E-F  system  is  fixed,  and  the  exjicrimenier  cun  use 
only  the  fore  optics  to  adapt  the  instrument  to  the 
observation.  This  is  not  the  case  with  the  ICCD 
spectrograph.  The  entire  opiicol  train  is  at  the  design¬ 
er's  dispostd.  It  is  most  imitortaiU  to  realize  that  the 
optical  design  of  nn  IC(1D  system  is  amstruined  by 
the  size  of  the  deitfctor.  and.  therefore,  high  speed 
does  not  necussurily  imply  a  targe  instrument.  The 
quontities  h  and  IV  are  the  dimensions  iif  the  pixel 
array  on  which  the  entrunctf  slit  will  W  imaged  and 
are  thereftm*  conslruiiuKi  by  Uu*  detector  size  The 
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/■-ratio  refers  to  the  camera  feeding  the  detector.  The 
throughput  will  be  constant  as  long  as  the  /'-ratio 
remains  the  same  regardless  of  the  size  of  the  optics. 
In  practice,  the  size  of  the  optics  can  be  reduced  until 
the  image  quality  over  the  area  of  the  detector 
becomes  unacceptable  because  of  the  optical  aberra¬ 
tions  in  the  system.  It  is  also  noteworthy  that  the 
throughput  is  not  affected  by  the  speed  of  the  optical 
system  in  front  of  the  grating  provided  it  does  not 
vignette  the  camera  system.  The  /-ratio  of  the  collima¬ 
tor  can  be  large  compared  with  that  of  the  camera.  A 
large  /-ratio  has  the  advantage  of  better  scattered 
light  control  in  the  spectrograph.  The  /-I’atio  can  be 
reduced  until  the  image  quality  at  the  edge  of  the 
array  becomes  unacceptable. 

The  example  above  can  be  extended  to  instruments 
used  in  the  past.  A  variety  of  instruments  that  have 
seen  substantial  use  over  the  last  two  decades  are 
cited  to  illustrate  the  use  of  array  detectors.  Begin¬ 
ning  with  the  basic  instrument  design,  we  adjusted 
the  parameters  of  each  instrument  to  give  the  same 
spectral  resolution  in  the  400-nm  region  of  the  spec¬ 
trum.  Then  we  evaluated  the  constant  in  Eq.  (4)  for 
each  instrument  to  place  the  comparison  on  a  com¬ 
mon  photometric  scale.  The  characteristics  of  the 
instruments  are  gathered  in  Table  II.  The  slit  widths 
of  the  monochromators  were  chosen  for  3-A  spectral 
resolution,  assuming  the  use  of  a  1200-line/mm 
grating  in  the  second  or  the  third  order  as  indicated. 
The  spectrographs  have  their  resolutions  set  by  the 
pixel  size  and  the  slit  width;  the  slit  width  in  the 


image  plane  was  taken  to  be  3  pixels.  In  this  case,  the 
ruling  of  the  grating  would  be  adjusted  to  give  the 
correct  linear  dispersion;  note  that  only  this  apparent 
slit  width  enters  the  calculation  of  sensitivity.  Spectro¬ 
graph  E  (see  Table  II),  an  objective  grating  spectro¬ 
graph  similar  to  the  Voyager  UV  instrument,  can  be 
included  in  the  compmson  because  the  calculation  is 
independent  of  wavelength.  At  EUV  wavelengths 
reflective  efficiencies  are  poor,  requiring  a  trade-oif 
between  resolution  and  throughput.  Spectrograph  F 
refers  to  an  ICCD  spectrograph  that  we  recently  put 
into  service.  Called  the  Arizona  Imager/ Spectrograph 
(AIS),  it  was  built  for  the  U.S.  Air  Force  Geophysics 
Laboratory  and  will  be  flown  on  the  space  shuttle 
Discovery.  Details  of  the  instrument  are  given  in  a 
companion  paper.'®  A  compromise  in  throughput  by  a 
factor  of  4  was  accepted  to  permit  the  spectrd  range 
115-900  nm  to  be  recorded  simultaneously  with  4600 
spectral  elements.  The  slit  width  is  2  pixels.  Spectro¬ 
graph  G  is  the  same  as  spectrograph  F  but  designed  to 
have  full  throughput  with  a  slit  width  of  3  pixels  as  in 
the  comparison  with  the  E-F  spectrometer  above. 

Spectrograph  H  is  a  special  case.  It  is  the  same  as 
spectrograph  F  except  that  it  has  a  bare  CCD  rather 
than  an  ICCD  in  the  image  plane.  The  read  noise  of 
the  CCD  is  a  limiting  factor  as  noted  above,  Eyen 
though  there  are  nearly  1800  pixels  within  the  effec¬ 
tive  slit,  there  is  a  read  noise  of  50  e  associated  with 
the  reading  of  each  pixel.  The  sum  of  all  samples 
would  give  an  effective  read  noise  of  50  x  ^  1800  = 


Tabl«  II.  Spactrtl  Inatnimtitt  ComparlMxi' 
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F 
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H 
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1 
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12.5 
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60 

20 
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6 
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:i.6 
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0.78 
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0.82 

000 

0.90 

0.90 

0.90 
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0.12 

0.12 

0.12 

0.12 

0.12 

0.12 

0.12 
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1 

1 
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678 

576 
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2.25 

— 
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2000  e' ,  requiring  a  signal  of  2000  e  ,  to  provide 
S/N  =  1.  On-chip  summation  of  18  pixels  per  read 
followed  by  off-chip  summation  would  result  in  an 
effective  noise  threshold  of  500  e  ,  the  number  used 
in  Table  II. 

The  comparative  study  is  completed  by  estimates 
for  a  photographic  spectrograph,  I.  Vallance-Jones” 
comments  on  high-speed  photographic  spectrographs. 
For  an  instrument  developed  by  A.  B.  Meinel  in  the 
early  1950’s  and  used  with  an  f/0.8  Schmidt  camera, 
he  suggested  a  sensitivity  in  the  lO’-R  s  range  as  a 
reasonable  working  value  and  estimated  the  thresh¬ 
old  of  sensitmty  to  be  10^  R  s. 

The  sensitivities  in  Rayleigh  seconds  from  Table  II 
are  plotted  in  Fig.  3.  The  Rayleigh  second‘d  is  the 
emission  rate  required  to  produce  a  S/N  of  unity  in 
Is.  The  calculations  whose  results  are  shown  in 
Table  II  treat  each  instrument  as  a  monochromator 
having  one  spectral  element.  As  the  spectral  ranges 
for  monochromators  A,  B,  and  C  increase,  the  sensitiv¬ 
ities  decrease  proportionally  because  time  must  be 
shared  among  the  other  elements  of  the  spectrum.  On 
the  other  hand,  the  spectrographic  instruments  have 
roughly  the  same  sensitivity  at  each  spectral  resolu¬ 
tion  element. 

There  are  many  techniques  for  optimizing  an  instru¬ 
ment  for  a  specific  observation.  Because  the  require¬ 
ment  in  future  programs  is  for  broad  spectral  cover¬ 
age,  it  seems  that  the  ICCD  system  will  be  most 
useful.  The  airglow  atlas  of  Broadfoot  and  Kendall"* 
was  accumulated  in  segments  of  500  spectral  ele¬ 
ments  with  monochromator  B.  Figure  3  shows  that 
an  equivalent  spectrum  of  576  spectral  elements 
would  be  recorded  by  an  optimized  ICCD  spectro¬ 
graph  (Gi  approximately  200  times  faster  than  with 


Fit;  3.  StniiUvilie*  for  the  Instnimenu  li«t«d  in  1'nhle  It.  The 
leitm  ihit  label  the  linet  correspond  to  those  in  the  ubic.  The 
numbers  show  the  number  of  spectral  elements  in  each  spectrum. 
The  sensitivities  of  the  monochromators  depend  on  the  number  of 
spe.*iral  elements  because  of  the  necessity  for  time  sharing. 
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monochromator  B.  The  AIS  (spectrograph  F)  will 
record  the  .same  spectrum  of  500  elements  32  times 
faster  but  in  addition  will  record  a  much  wider 
spectral  range,  including  4600  spectral  elements  at 
once.  This  is  a  spectacular  improvement  in  capability. 
The  rating  of  the  CCD  spectrograph,  H,  with  respect 
to  optimized  ICCD  spectrograph  G  is  noteworthy. 
ICCD  spectrograph  G  seems  to  be  316  times  faster 
than  spectrograph  H  on  the  basis  of  this  comparison. 
It  can  be  argued  that  we  have  not  treated  the  CCD 
spectrograph  fairly.  In  particular,  we  assumed  equal 
quantum  efficiencies  for  the  CCD  and  the  ICCD, 
whereas  the  detective  quantum  efficiency  of  the  CCD 
was  higher  for  certain  wavelengths.  However,  even 
factors  of  3-5  do  not  bring  the  CCD  spectrograph  into 
contention.  It  was  demonstrated  that  the  improve¬ 
ments  discussed  above  are  attainable  in  practice,  but 
this  is  not  discussed  in  detail  here. 


6.  Size  of  ICCD  Spectrographs 

In  the  discussion  of  the  optical  designs  and  the  ICCD 
spectrograph  it  was  mentioned  that  the  design  is 
constrained  by  the  size  of  the  ICCD  format.  This 
conclusion  follows  directly  from  relation  (5).  The 
proper  length  and  width  for  the  slit  image  are  deter¬ 
mined  by  the  CCD  format  and  are  therefore  constant, 
leaving  only  the  dimensionless  /'-ratio  as  an  adjust¬ 
able  parameter.  The  comparative  study  in  Subsection 
III.A  addressed  the  performance  of  several  instru¬ 
ments  whose  focal  lengths  ranged  over  an  order  of 
magnitude  from  100  to  10  cm.  The  monochromator 
performance  scales  by  focal  length,  whereas  the  per¬ 
formance  of  the  spectrographs  scales  by  array  size. 
Note  also  that  the  performance  was  improved  by 
orders  of  magnitude  in  the  short  focal  len^h  instru¬ 
ments  that  can  record  broad  wavelength  regions. 

A  difference  of  a  factor  of  10  in  foc^  length  implies 
a  difference  of  a  factor  of  1000  in  instrument  volume. 
For  example,  a  standard  commercial  35-mm  camera 
lens,  such  as  the  Nikon  136-mm  fl2  with  a  SO-mm 
square  grating  and  a  modest  collimotor  and  slit, 
forms  a  small  spectrograph.  The  smaller /'-ratio  would 
improve  its  performance  by  a  factor  of  2  over  ICCD 
spectrograph  G  in  Table  II.  ^though  it  would  be 
limited  in  .spectral  range  by  the  lens  coating,  the 
comparison  in  size  and  performance  is  remarkable. 

The  application  of  new  technology  has  completely 
reversed  the  emphasis  on  instrumentation.  The  mono¬ 
chromator  is  a  paHnsion,  high-cost  optical  tool  with  a 
readout  system  us  simple  os  a  photomultiplier  tube 
and  a  strip  chart.  The  array  detector  permits  the  use 
of  simple  optical  configurations,  but  the  data  retrieval 
and  the  manipulation  require  major  resources.  How¬ 
ever,  once  the  data  analysis  system  has  been  estab¬ 
lished,  the  spectral  coverage  required  in  fiiture  pro¬ 
grams  can  be  achieved  by  a  replication  of  small 
spectrographs  covering  tho  spectral  range  and  having 
a  common  data  format.  At  the  University  of  Arizona, 
this  technique  is  used  to  provide  small  space  flight 
spectrographs  in  a  group  of  five  to  cover  the  wave¬ 
length  range  from  115  to  1100  nm  simultaneously 
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with  4600  spectral  elements.  The  spectral  resolution 
varies  from  3  to  10  A  over  the  spectral  range.  The 
spectrograph  set  has  outside  dimensions  of  41  cm  x 
41  cm  X  21  cm.  This  instrument  is  described  in  a 
companion  paper.'®  The  spectrographs  are  included  in 
Table  II  and  Fig.  3  as  spectrograph  F. 

C.  Data  Quality  Comparisons 

Not  only  does  the  ICCD  spectrograph  have  a  photo¬ 
metric  advantage  over  monochromators,  the  quality 
of  the  data  shows  a  remarkable  improvement  as  well. 
The  data  set  accumulated  by  the  Voyager  UV  spectro¬ 
graph*®  can  illustrate  this  point.  Because  the  detector 
integrates  signals  continuously  over  the  whole  spec¬ 
tral  range,  it  records  temporal  variations  in  the 
relative  brightness  of  features  within  the  passband 
properly.  Also,  the  eifects  of  internal  scattering  and 
other  characteristic  contaminations  are  recorded  si¬ 
multaneously  with  the  primary  emissions. 

The  monochromator  lacks  this  advantage  because 
only  one  wavelength  position  is  sampled  at  one  time. 
The  recorded  signal  includes  not  only  the  selected 
wavelength  but  also  a  scattered  contribution  from 
other  bright  regions  of  the  spectrum.  The  scattered 
component  cannot  be  determined  with  confidence 
because  the  emission  causing  it  is  not  recorded  simul¬ 
taneously. 

The  Voyager  UV  spectrograph  presents  a  unique 
opportunity  to  evaluate  a  photoevent  counting  spec¬ 
trograph.  It  has  no  moving  parts.  It  records  the 
spectrum  from  600  to  1700  A  in  128  segments  with  an 
intensified  Reticon  linear  anode  array.  Although  this 
spectral  range  may  be  unfamiliar  to  many  research¬ 
ers,  the  data  are  characteristic  of  the  photoevent 
counting  spectrographic  capability  at  any  wave¬ 
length. 

Figure  4  shows  a  Voyager  UV  spectrograph  spec- 
trum’*®  of  emissions  from  the  interstellar  medium 
acquired  in  the  direction  of  the  galactic  pole,  a  region 
free  of  stars.  The  integration  lime  was  1.6  x  10®  a,  or 
approximately  416  h.  The  emissions  arise  from  reso¬ 
nance  scattering  of  solar  lines  by  interplanetaiy 
hydrogen  and  helium.  The  He  (584-A),  H  (1216-A), 
and  H  (1026-A)  lines  are  well  defined.  Note  that  the 
ordinate  scale  changes  through  the  analysis.  The 
H  (1216-A)  lino  intensity  results  in  a  peak  photoevent 
rateof  approximately  1  s  '  pixel'.  Laboratory  calibra¬ 
tion  of  the  instrument  measured  the  scattering  from 
lines  at  many  wavelengths  throughout  the  wave¬ 
length  range.  After  the  detector  dark  count  is  sub¬ 
tracted,  a  matrix  multiplication  removes  the  effects  of 
scattering  of  the  four  emission  lines  He  (684  A), 
H  Ly-o,  H  Ly-|i,  and  H  Ly-y.  The  resulting  spectrum 
is  shown  in  Fig.  4b.  In  Fig.  4c,  this  reduced  spectrum 
is  compared  with  a  model  computed  by  a  spectral 
synthesis  program  that  applies  the  instrument's  trans¬ 
mission  function  to  the  four  discrete  lines.  Using 
these  techniques,  we  have  found  that  the  modeling 
process  gives  u  sensitive  measure  of  wavelength. 
Although  each  spectral  element  is  approximately  9A 
wide,  the  model  tine  must  be  placed  within  2  A  of  the 


true  wavelength  position  for  a  match  to  be  convinc¬ 
ing.  Figure  4d  shows  the  difference  between  the 
model  and  the  reduced  spectrum  in  Fig.  4c.  This 
represents  the  noise  in  the  observation  after  the 
emission  is  removed.  Differences  are  large  where  the 
signals  are  larger  even  though  the  percentage  error  is 
decreasing.  In  Fig.  4a,  the  count  at  approximately 
750  A  is  approximately  4.5  x  10''  counts  channel"'  in 
1.5  X  10®  s.  Poisson  statistics  imply  a  corresponding 
standard  deviation  of  212  events  or  ±0.14  events  in 
1000  s.  That  envelope,  illustrated  in  Fig.  4d,  is  close 
to  the  envelope  of  the  noise  left  after  the  analysis. 
This  demonstrates  that  it  is  possible  to  understand 
the  origin  of  all  events  in  the  spectrum,  to  the 
statistical  limit  of  the  observation.  Finally,  the  event 
rate  for  the  peak  in  the  H  Ly-a  line  was  1  s,  whereas 
the  rate  for  the  H  L-y  line  peak  was  1  in  330  s;  the 
usable  dynamic  range  for  these  spectra  was  therefore 
at  least  330.  Similar  research  can  be  done  with 
photoevent  counting  systems  having  higher  sensitivi¬ 
ties  and  higher  counting  rates  limited  only  by  the 
statistical  accuracy  of  the  weakest  emission  as  noted 
above. 


IV.  Application  of  Array  Datectorc  to  Imaging 

The  astronomy  community  took  the  lead  in  the 
application  of  the  CCD  to  research  imaging.  Again, 
this  was  an  expensive  undertaking  requiring  the 
development  of  new  electronics  techniques,  the  evalu¬ 
ation  of  sensors,  and  the  development  of  image 
processing  systems.  In  this  application,  the  CCD 
competed  with  the  photographic  plate,  which  it  easily 
bested.  Even  the  early  CCD  devices  and  systems 
exhibited  important  advantages  in  detector  capabil¬ 
ity.  Although  this  technology  was  an  important  ad¬ 
vancement  holding  great  promise  in  astronomy,  long 
integration  times  and  brjad  spectral  bands  were 
acceptable.  In  contrast,  the  airgiow  and  auroral  com¬ 
munity  requires  higher  time  resolution  and  narrow- 
band  photometry,  and  the  bare  CCD  has  proven  less 
useful.  The  interference  filter  and  the  photomulti¬ 
plier  had  replaced  photography  as  a  scientific  tool  in 
the  early  IQSO’s.  Monochromatic  imaging  was  pur¬ 
sued  by  using  dying  spot  photometers.  Intensified 
photography  has  seen  modest  use  in  the  last  few 
years,  followed  by  some  use  of  intensified  solid-state 
detectors. 

The  requirements  of  the  astronomical  application 
and  the  airgiow  and  auroral  application  differ.  For  the 
purpose  of  this  discussion  it  is  appropriate  to  compare 
on  the  basis  of  angular  resolution.  When  an  fIZ 
telescope  with  an  aperture  or4  m  and  a  focal  length  of 
12  m  illuminates  a  single  CCD  pixel,  0.022-mm  square, 
the  pixel  has  an  angular  field  of  view  of  0.4  arcsec.  If 
the  field  of  view  is  filled  by  a  radiating  nebular  gas  as 
well  as  the  airgiow  in  the  foreground,  the  signals  will 
be  proportional  to  the  surface  brightnesses.  The 
surface  brightness  of  the  nebular  gas  may  change 
from  pixel  to  pixel  witli  changes  in  gas  density  or 
excitation.  The  airgiow  brightness  would  contribute 
to  each  pixel  uniformly  bemuse  the  field  of  view  is 
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Fig  4.  Illustration  oftho  steps  leading  to  u  Ansi  j^peeirum  frotn  «  speeirogroph.-'*  o.  Raw  spectra  inciudlngsignal  and  detector  background. 
The  detector  background  is  due  to  intrinsic  noise  and  to  gumma  rays  from  the  radioisotope  tlu‘rmoekctric  generaton  that  power  the  space- 
cratl.  b.  Result  ofsubtracting  the  detector  background  <  lop  cunoi  and  removing  the  iwu  runiental  scattering  (bottom  curve),  c,  Comparison 
of  the  lower  curve  in  b  wit  h  a  synthetic  spectrum  composed  of  He  G84  A  and  H  l.ym4ut  stories  Atics.  d.  Residual  ufter  subtracting  the  data  ood 
the  (ynlbetic  spectra  in  c. 
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small  compared  with  the  scale  of  variations  in  airg^ow 
emissions.  When  the  optical  ^stem  is  scaled  down  by 
a  factor  of  10^  to  an  aperture  of  4  mm  and  a  focal 
length  of  12  mm,  the  same  pixel  has  an  angular  field 
of  O.r.  The  nebular  source  would  be  contained  in  a 
small  firaction  of  the  field  of  view  with  the  detected 
radiation  reduced  proportionally.  However,  the  air* 
g^ow  still  fills  the  field  of  view  of  the  pixel,  and  the 
signal  level  will  be  the  same  as  for  the  larger  system 
b^use  the  photometric  expression  [relation  (6)]  is 
the  same  for  both  optical  systems.  The  brightness  of 
the  auglow  mi^t  vary  from  pixel  to  pixel  depending 
on  the  source  of  the  emission. 

We  make  these  comparisons  for  two  reasons.  The 
first  is  to  emphasize  that  the  significant  feature  of  an 
image  is  the  variation  of  intensify  over  the  field.  It  is 
important  to  select  the  angular  field  to  match  the 
scale  of  the  intensify  variation  to  be  measured.  The 
second  is  to  emphasize  that  the  photometry  is  indepen¬ 
dent  of  the  size  of  the  optical  sjrstem. 

The  discussion  of  the  threshold  of  detection  of  the 
ICCD  and  the  CCD  can  be  placed  on  an  absolute  scale 
for  this  imaging  review.  If  an  optical  ^stem  has  the 
foUowingparameters, /-ratio,  1;  pixel  area  (2.2  x  10'^ 
cm/;  transmission  (t),  0.9;  quantum  efficienfy  (c), 
0.2,  then  for  the  unit  emission  rate,  1  R  »  10*/4ir 
photons  s'‘  cm‘^  sr'‘.  in  Eq.  (2)  the  photoevent  rate  is 
5.4  X  10'^  events  pixer‘  s'\  The  abscissa  of  Fig.  1  can 
be  converted  to  the  sensitivity  scale  at  the  top  of  the 
figure  by  using  this  factor.  For  iiutance,  an  emission 
rate  of  18.6  kR  would  generate  1(/  photoevents 
pixel*'  s'*.  The  threshold  arguments  made  previously 
can  now  be  considered  on  an  absolute  scale.  The 
sensitivity  of  the  CCD  imager  would  be  1  kR  s.  A 
surface  brightness  of  1  kR  would  produce  50  e*  pixel*' 
in  a  1*8  exposure,  the  previously  defined  threshold  of 
detection.  For  the  ICCD  the  corresponding  number 
would  be  18  Ra. 


A.  Bread  Spectral  Bond  Imagers 

Many  of  the  dominant  auroral  emissions  can  be 
monitored  with  interference  filters  of  reaBonid)ly 
wide  bandpass  (e.g.,  60  A)  that  could  be  incorporated 
into  the  fast  // 1  optical  system  used  os  a  baseline  in 
the  discussion  above.  Even  with  the  1-kR  s  threshold 
of  the  bare  CCD,  typical  auroral  emissioiu,  which  are 
usually  tens  of  kilo-Raylei^,  would  give  detectable 
sigpuis  in  a  l-s  exposure.  The  0.1"  angular  resolution 
of  a  single  pixel  corresponds  to  a  scale  of  200-400  m 
at  fypical  auroral  heights  and  ranges.  An  array  of  100 
X  ICO  pixels  corresponds  to  a  field  of  view  10*  square, 
a  size  useful  for  comparative  studies  of  auroral 
morphology.  This  type  of  imager  would  also  be  usefUl 
for  su^rt  imaging  during  spectrographic  (d>serva- 
tions.  Clusters  of  four  or  six  miniature  imagers  are 
quite  feasible  with  fiber-optic  technology  and  CCD 
arrays.  For  weaker  aurora  where  requuements  for 
both  time  and  spatial  resolution  can  be  relaxed,  both 
longer  exposures  and  on-chip  summation  of  four  or 
nine  pixels  would  produce  images  of  good  S/N  ratio, 
lotemdfied  systems  would  be  required  for  better  time 


resolution,  but  these  can  also  be  implemented  in  a 
clustered  set. 

The  imagers  associated  with  the  spectrographs  in 
the  companion  paperf"  were  prepared  following  the 
outline  idbove.  Twelve  miniature  images  are  recorded 
by  two  CCD’s  with  fiber-optic  coupling;  10  of  these 
are  intensified. 

B.  Monochromatic  Imagers 

For  narrow-band  monochromatic  imaging,  the  need 
for  near-normal  incidence  on  the  interference  filter 
constrains  the  /-ratio  of  the  optical  system.  In  this 
case,  maximized  throughput  is  important  because 
these  imagers  are  often  used  to  separate  weak  emis¬ 
sions  from  a  complicated  spectral  region.  The  optical 
technique  is  to  use  the  largest  interference  filter 
available.  An  image  of  the  sky  is  formed  on  the  filter 
throu^  telecentric  optics.  This  image  is  then  re- 
imaged  on  the  intensifier.  To  maintain  the  passband 
of  an  interference  filter  with  a  5-A  bandwidth,  the 
incidence  an{de  6  must  not  exceed  approximately  4" 
from  the  normal.  The  required  /-ratio  of  the  fore 
optica  is  given  by/*  (2  tan  6)*',  which  implies  an//7 
system  for  the  example  given  here.  If  the  optics  are 
properly  designed,  the /-ratio  of  the  fore  optics  can  be 
convert  to  an  // 1  system  feeding  the  CCD.  This  will 
result  in  a  system  with  the  sensitivity  defined  by  the 
ICCD  curve  in  Fig.  1  if  the  /-ratio  transition  is  made 
without  vignetting.  (Some  corrections  are  required 
for  optical  transmission  and  quantum  efficiency).  A 
sensitivity  near  40  R  s  would  be  typical.  Again,  by 
sacrifice  of  spatial  resolution  through  on-  or  off-chip 
summation  of  2  x  2  or  3  x  3  pixels,  the  signal  could 
be  increased  by  factors  of  4  and  9,  respectively;  this  is 
effectively  increasing  the  area  of  the  pixel. 

Still  hifdtBr  senoitiviUea  can  be  achieved  by  a 
further  increase  in  the  effective  area  of  the  detector. 
This  can  be  achieved  with  the  ICCD  by  use  of  larger 
proximity  focused  intensifiers,  say  40-mm  diameter, 
with  the  output  image  reduced  by  a  fiber-optic  taper 
to  IS-mm  dimeter  to  fit  the  CCD  array. 

C.  Application  to  the  Pabry-Perot  Interferometer 

The  Fabry-Perot  (F-P)  interferometer  falls  in  the 
same  catecptry  as  the  monochromatic  imager,  but  its 
field  of  view  is  still  narrower,  and  large  plates  are  used 
to  Increase  the  collection  area.  The  optical  coupling 
problem  is  the  same  as  that  for  the  monochromatic 
imager;  a  high-speed  telescope  would  be  used  with  on 
aperture  the  size  of  the  F~P  plates.  The  focal  length 
of  the  telescope  would  determine  the  number  of  rings 
falling  on  the  CCD.  Each  spectral  order  in  the  F-  P 
fringe  pattern  contains  the  same  energy.  The  improve¬ 
ment  over  the  classical  scannirig  F-P  system  can  be 
evaluated  by  counting  the  number  of  rings  and  the 
number  of  elements  required  across  the  ring.  An 
operational  advantage  liM  in  the  ability  to  find  the 
center  of  the  ring  pattern  with  software  rather  than 
by  adjusting  the  plates  and  the  ring  position. 

We  commented  tdtove  on  imaging  the  aurora 
through  passband  filters  with  a  CCD.  In  this  section 
we  discuss  the  threshold  of  detection  and  the  ICCD  in 
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Fig  6.  Imagv  of  Halley’s  Comat  in  the  light  of  01  (6300  A)  amiaaioo  made  by  uaiog  a  F-P  intarfaromatar  and  an  intanaifiad  CCD.  The 
ayatam  aanaitivity  ia  approximataly  36  R-4. 


connection  with  date  from  a  spedalized  application. 
The  image  of  Halley'a  Comet  in  Fig.  5  was  obtained 
with  a  telescope  and  a  F-P  interferometer  matched  to 
an  ICCD  by  appropriate  optics.^*  The  interferometer 
isolated  the  cometazy  01  (6300  A)  emission,  which 
was  Doppler  shifted  Orom  the  Earth's  airglow  tine. 
The  intensity  gradient  from  the  background  to  the 
nucleus  of  the  comet  is  clear.  Unexpectedly,  the  cloud 
is  not  spherically  symmetric. 

The  information  contained  in  the  image  is  the 
subject  of  interest  here,  rather  than  the  physics  of  the 
emiuion,  which  has  bwn  discussed  elsewhere.^*  The 
image  was  acquired  with  a  60-s  exposure.  The  format 
of  the  array  was  576  x  384  (0,022-mm)  pixels,  which 
have  been  summed  2x2.  The  background  level  (dark 
noise)  amounts  to  1  photoevent  in  10  pbcels.  Near  the 
nucleus  of  the  comet  the  signal  is  approximately  1 
event/pixel.  In  spite  of  the  low  signal,  the  image 
shows  an  obvious  change  in  surface  brightness 
through  1  order  of  magnitude.  The  intensity  near  the 
nucleus  was  6.3  R.  The  threshold  is  therefore  approx¬ 
imately  0.6  R.  Since  this  threshold  was  reached  in 
60  s,  the  sensitivity  of  the  system  was  36  R  s.  This  is 
consistent  with  the /'/I  example  stated  above  whe  we 
note  that  the  ICCO  was  fed  through  a  Nikon  tl2  lens 
of  focal  length  13S  mm.  Through  the  2  x  2  summa¬ 


tion,  the  effective  pixel  area  was  increased  by  a  factor 
of  4  but  at  fl2  the  solid  angle  decreased  by  a  factor  of 
4.  A  transmission  of  50%  would  bring  the  observation 
into  line  with  the  example. 

There  are  other  points  that  can  be  made  from  this 
demonstration.  First,  we  invite  the  reader  to  consider 
the  various  techniques  that  could  be  used  in  the  data 
analysis  and  data  collection  to  address  this  type  of 
imaging.  We  do  not  discuss  the  data  further.  The 
question  of  the  comparison  of  the  ICCD  image  with 
the  CCD  image  is  important  for  completeness.  In  the 
discussion  of  the  CCD,  it  was  estimated  that  SO  e' 
would  be  required  per  pixel  to  give  a  S/N  of  unity. 
With  the  optical  system  used  for  the  romet  observa¬ 
tion,  the  threshold  intensity  would  have  been  500 
times  higher.  Even  if  the  CCD  noise  level  were  10  e', 
the  threshold  is  still  out  of  range  by  100.  Other 
optimization  of  the  CCD  is  possible,  but  we  must  also 
b^n  to  consider  such  complicating  features  as  work¬ 
ing  with  limited  charge  and  cosmic  ray  events,  etc,  We 
conclude  that  the  strength  of  the  ICCO  lies  in  its 
application  to  aeronomicol  problems  in  which  pho¬ 
tons  are  limited. 
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Panchromatic  spectrograph  with  supporting 
monochromatic  imagers 


A.  L  Broadfoot,  B.  R.  Sandel,  D.  Knecht,  R.  Viereck,  and  E.  Murad 


The  Arizona  Imager/ Spectrograph  ia  a  set  of  imaging  spectrographs  and  two-dimensional  imagers  for 
space  flight.  Nine  nearly  identical  spectrographs  record  wavelengths  from  114  to  1090  nm  with  a 
resolution  of  0.5-1.3  nm.  The  spatial  resolution  along  the  slit  ia  electronically  selectable  and  can  reach 
■  192  elements.  Twelve  passband  imagers  cover  wavelengths  in  the  160-900-nm  range  and  have  fields  of 
view  from  2*  to  21*.  The  spectrographs  and  imagers  rely  on  intensified  CCD  detectors  to  achieve 
substantial  capability  in  an  instrument  of  minimum  mass  and  size.  By  use  of  innovativa  coupling 
techniques  only  two  CCD’s  are  required  to  record  images  from  12  imagers,  and  single  CCD’s  record 
spectra  from  pairs  of  spectrographs.  The  fields  of  view  of  the  spectrographs  and  imagers  are  coaligned, 
and  all  spectra  and  images  can  be  exposed  simultaneously.  A  scan  platform  can  rotate  the  sensor  head 
about  two  orthogonal  axes.  The  Arizona  imager/ spectrograph  ia  designed  for  investigations  of  the 
interaction  between  the  Space  Shuttle  and  its  environment  It  is  scheduled  for  flight  on  a  Shuttle 
subsatellite. 


Introduction 

The  relationship  between  airglow  observations  and 
air^ow  models  has  always  been  a  rather  subjective 
one.  Modeling  now  includes  a  remarkably  extensive 
range  of  parameters,  and  presenMneasurements  do 
not  effectively  constrain  all  of  them.  Measurements 
of  many  parameters  are  required  to  evaluate  and 
constrain  the  models.  Unfortunately  the  observa¬ 
tions  that  are  available  for  this  purpose  differ  in 
important  ways  that  complicate  their  intercompari¬ 
son.  They  differ  in  time,  air  mass,  altitude,  solar 
flux,  magnetic  conditions,  and  excitation  and  quench¬ 
ing  mechanisms.  The  assumptions  in  relating  the 
data  sets  to  each  other  are  undoubtedly  the  main 
source  of  error  so  that  the  data  set  as  a  whole  does  not 
test  a  given  model  at  its  full  potential.  Applications 
of  modem  technology  in  optics,  detector  s}'stems, 
electronic  control,  and  computing  will  make  a  revolu¬ 
tionary  change  in  our  ability  to  collect  extensive  data 
sets  having  fixed  interrelationships.  The  instru¬ 
ment  described  here,  the  Arizona  Imager/Spectro- 
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graph  (AIS),  is  a  starting  point  in  attacking  this 
problem. 

The  spectrograph  has  been  recognized  as  an  impor¬ 
tant  dia^ostic  tool  because  it  records  simultaneously 
a  large  spectral  passband  and  also  retains  spatM 
resolution  along  its  sUt.  A  detector  having  two- 
dimensional  spatial  resolution  is  required  in  the 
image  plane;  until  recently  that  detertor  has  been 
photographic  film.  Bepladng  the  film  by  the  intensi¬ 
fied  charge  coupled  device  (ICCD)  has  improved  our 
spectrographic  capability  in  two  important  ways. 
First,  the  ICCD  spectrograph  has  photon-counting 
sensitivity.  Second,  the  size  of  the  spectrograph  is 
constrained  by  the  detector  size,  which  is  quite  small. 
The  AIS  exploits  both  of  these  advantages  while 
retaining  spatial  resolution  along  the  slit.  The  appli¬ 
cation  of  ICCD’s  to  airglow  instruments  is  discussed 
in  a  companion  paper.^ 

An  important  guiding  principle  in  the  design,  con¬ 
struction,  and  operation  of  ^e  AIS  has  been  to 
provide  the  cap^ility  for  acquiring  spectral  and 
spatial  information  simultaneously.  Toward  that 
end  the  spectrograph  slit,  which  is  imaged  on  the 
ICCD  detector,  is  2  pixels  wide  x  192  pixels  long. 
The  192  pixels  along  the  length  may  be  summed  into 
groups  of  a  selectable  number  of  pixels.  Summing  8 
pixels  into  each  group  (as  in  the  example  in  Fig.  1) 
divides  the  length  of  the  slit  into  24  segments,  and 
separate  spectra  are  recorded  for  each  segment.  Spa¬ 
tial  inhomogeneities  in  the  source  will  be  represented 
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in  the  set  of  spectra,  which  are  recorded  simulta¬ 
neously.  In  this  case  statistical  accuracy  in  the 
spectrum  is  sacrificed  to  gain  spatial  information. 
Statistical  accuracy  in  the  spectrum  can  be  recovered 
in  data  analysis  by  summing  the  adjacent  segments, 
thereby  sacrificing  spatial  detail  to  improve  the  signal- 
to-noise  ratio  of  weak  spectral  features. 

Figure  1  illustrates  the  advantages  of  this  spectro- 
graphic  technique.  The  flame  of  an  acetylene  torch 
was  used  as  the  target.  In  the  schematic  diagram  in 
the  upper  right-hand  comer,  the  white  line  shows  the 
projection  of  the  spectrograph  slit  across  the  core  of 
the  flame.  To  the  left  is  an  enlarged  view  of  the  slit 
that  shows  that  20  of  the  24  segments  were  illumi¬ 
nated  by  the  flame.  Aligned  under  the  slit  are  the 
recorded  spectra,  one  spectrum  for  each  segment. 
Although  the  spectral  range  from  3000  to  9000  A  was 
recorded  at  the  same  resolution,  we  have  selected  two 
spectral  regions  that  include  two  prominent  bands  for 
discussion.  The  color  plot  shows  that  the  most 
intense  emission  originates  in  the  center  of  the  core  of 
the  flame.  The  UV  OH  emission  extends  across  14 
segments  of  the  slit,  while  the  longer  wavelength  Cj 
(Swan)  bands  appear  to  be  confined  to  the  central 
core.  It  is  noteworthy  that  the  CH(0,  0)  band  is 
more  confined  than  the  OH  bands. 

The  spectrum  of  the  best  signal-to-noise  ratio  will 
be  obtained  by  summing  the  central  four  or  five 
segments.  Summing  all  the  segments  would  in¬ 
crease  the  noise  content  unless  the  emission  of  inter¬ 
est  filled  the  slit.  An  improved  spatial  signature  for 
the  band  emissions  can  be  obtained  by  summing  the 
appropriate  wavelength  bins  in  the  spectral  direction. 

A  companion  imager  with  a  passband  near  3100  A 
would  show  the  extent  cf  the  OH  emission  in  two 
dimensions,  but  only  the  spectrograph  can  separate 
the  blended  intensity  profile  of  the  CH  emission  from 
the  nearby  OH  emission. 

All  these  techniques  were  available  to  us  with  the 
spectrograph  and  photographic  plate.  The  improve¬ 
ment  available  now  is  in  detector  and  electronic 
technology.  We  enjoy  all  the  attributes  of  the  classi¬ 
cal  spectrograph  that  is  combined  vnth  the  photon¬ 
counting  sensitivity  of  the  photomultiplier  for  every 
pixel  in  the  detector  array. 

This  approach  has  a  tremendous  advantage  in 
studying  time-dependent  phenomena,  such  as  the 
active  experiments,  which  have  been  performed  to 
study  ionospheric  electron  holes^  and  atmosphere- 
plume  interactions.’  For  example,  Mendillo  et  al.* 
observed  630-nm  radiation  when  the  Space  Shuttle’s 
orbital  maneuvering  system  engines  were  fired.  The 
observation  was  made  with  a  narrowband  filter.  It 
is  reasonable  to  attribute  the  radiation  to  0(‘Z))  -*■ 
OCP).  Since  the  radiative  lifetime  t  of  O('jD)  is 
~  120  s,  spectral  information  as  a  function  of  distance 
along  the  line  of  release  can  be  extremely  valuable  in 
determining  the  morphology  of  this  species. 

An  important  factor  leading  to  the  consistency  of  a 
spectrographic  data  set  is  recording  the  entire  spec¬ 


trum  at  the  same  time  from  the  same  gas  column 
with  diagnostic  resolution.  The  AIS  comes  close  to 
achieving  this  goal.  It  records  the  spectrum  from 
114  to  1090  nm  simultaneously.  The  spectrum  is 
sampled  at  5000  contiguous  spectral  intervals.  The 
AIS  is  a  true  spectrograph  by  maintaining  spatial 
information  along  its  entrance  slit. 

The  AIS  addresses  another  problem  that  is  com¬ 
mon  to  airglow  and  auroral  spectroscopy,  namely, 
that  of  relating  the  location  of  the  observed  gas 
column  to  the  region  of  the  scene  being  analyzed. 
The  AIS  has  a  complement  of  12  coaligned  imagers, 
10  of  which  are  intensified.  By  the  use  of  passband 
filters,  the  AIS  records  the  spatial  extent  and  surface 
brightness  of  emissions.  All  images  are  shuttered  at 
the  same  time  as  the  spectra  are. 

The  instrument  described  in  this  paper  was  de¬ 
signed  to  meet  the  needs  of  a  space  flight  program 
that  is  directed  at  the  analysis  of  the  shuttle  glow.’’® 
The  Earth’s  airglow  is  the  background  against  which 
the  shuttle  glow  is  observed.  Useful  airglow  and 
auroral  observations  are  made  during  the  same  flight 
opportunity.  The  AIS  is  one  of  a  group  of  instru¬ 
ments  that  form  the  payload  of  the  Infrared  Back- 
groxmd  Signature  Survey  flight  program.  The  exper¬ 
iments  are  to  be  flown  on  the  German-built  carrier 
Shuttle  Pallet  Satellite  II,  which  is  manifested  for 
flight  on  STS-39  in  Apr.  1991. 

We  have  prepared  a  second  nearly  identical  instru¬ 
ment  for  ground-based  airglow  and  auroral  measure¬ 
ments.  The  spectrograph  section  covers  only  the 
wavelength  region  from  300  to  1100  nm.  The  im¬ 
ager  passbands  and  field  of  view  (FOV)  are  adaptable 
to  the  classical  auroral  and  airglow  emissions.  A 
third  instrument  is  in  preparation  for  Hitchhiker 
Shuttle  flight  opportunities,  with  the  first  flight 
expected  in  1992.  The  primary  targets  are  shuttle 
glow,  contamination  and  flow  fields,  as  well  as  airglow 
and  auroral  emissions  from  the  atmosphere.  'The 
data  formats  of  all  these  instruments  are  identical, 
thus  simplifying  the  intercomparison  of  data  sets. 
The  data  are  recorded  in  a  widely  used  format,  the 
Flexible  Image  Transport  System.  The  Image  Educ¬ 
tion  and  Analysis  Facility  processing  software  devel¬ 
oped  by  the  Kitt  Peak  National  Observatory  is  used 
for  data  analysis. 

Arizona  Imager/Spectrograph  Overview 

The  AIS  spectrographs  and  imagers  are  moxmted  on 
an  azimuth-elevation  scan  platform  that  is  driven  by 
stepping  motors  (Fig.  2).  The  central  box  of  the 
spdtrograph-imager  assembly  includes  five  spectro¬ 
graph  housings  of  identical  mechanical  design.  The 
spedrographs  cover  the  wavelength  range  from  114 
to  1090  nm  in  nine  overlapping  wavelength  bands. 
Pairs  of  double  gratings  in  four  of  the  spectro^aph 
housings  image  eight  spectral  bands  onto  four  inten¬ 
sified  CCD  arrays.  The  fifth  spectrograph  housing 
contains  a  single  grating  and  records  the  wavelength 
range  from  900  to  1090  nm  on  a  bare  (unintensified) 


1  June  1992  /  Vol.  31,  No.  16  /  APPLIED  OPTICS  3085 


41 


Fig.  2.  Two  views  of  the  AIS  spectrographs  and  imagers  mounted 
on  their  scan  platform.  The  nine  spectrographs  are  separated 
into  five  housings.  Above  the  spectrograph  housings  are  the  12 
passband  imagers.  The  axes  of  rotation  pass  through  the  center 
of  gravity  of  the  rotating  section.  The  FOVs  of  all  the  spectro¬ 
graphs  and  Imagers  are  coaligned. 


CCD.  The  FOV  of  the  spectrographs  is  typically 
0.2“  X  2“.  There  are  no  moving  parts  in  the  spectro¬ 
graphs.  Exposure  is  controlled  electronically  by  a 
cathode  gate  potential  or  by  using  the  high-speed 
CCD  readout  capability,  which  is  §£)  ms/frame.  The 
characteristics  of  each  spectrograph  are  given  in 
Table! 

Figure  2  also  shows  the  cluster  of  12  imagers.  The 
imager  baffles  and  intensifiers  are  mounted  on  top  of 
the  spectrographs.  Flexible  fiber-optic  image  con¬ 
duits  carry  the  images  to  two  CCD’s  that  are  mounted 
beneath  the  spectrographs.  Ten  of  the  images  are 
intensified,  and  two  (the  IR  images)  are  not.  The  IR 
images  are  conducted  directly  to  the  CCD’s  by  the 
fiber  optics.  These  two  IR  imagers  can  accommo¬ 
date  bright  signals  and  are  used  for  accurate  pointing 
(2“  FOV)  and  field  monitoring  (18®  FOV)  to  warn  of 
bright  emissions  coming  into  the  imaging  space. 
Eight  UV  images  are  recorded  with  various  pass- 
bands  and  FOV’s  to  support  the  primary  sp^ro- 
graphic  experiment.  The  remaining  two  imagers 
have  FOV’s  of  5“  and  are  intensified  and  filtered  for 
the  visible  wavelengths  of  the  shuttle  glow.  The 


flexible  fiber-optic  conduits  have  separate  bundles  to 
acquire  the  images  from  the  image  planes  or  from  the 
fiber-optic  output  of  the  intensifiers.  At  the  CCD 
end  the  fiber  bundles  are  gathered  in  a  2  x  3  matrix, 
which  matches  the  image  section  of  the  CCD.  The 
CCD  is  used  in  the  frame  trsmsfer  mode;  the  images 
are  moved  quickly  from  the  image  half  to  the  storage 
half  of  the  CCD,  which  effectively  shutters  the  image. 
All  functions  are  under  microprocessor  control. 

imaging  Spectrographs  for  ICCD  Detectors 
Spectrograph  Optics 

Figures  3  and  4  show  the  primaiy  features  of  the 
optics.  After  reviewing  several  optical  designs  for 
usefulness  with  the  ICCD  detector,  we  chose  one 
employing  aberration-corrected  holographic  concave 
gratings.  The  simplicity  of  the  mechanical  design, 
which  could  be  used  at  all  wavelengths,  20-1100  nm, 
was  the  strongest  argument.  This  design  requires 
only  one  optical  element  and  one  surface,  compared  to 
five  optical  elements  and  nine  surfaces  that  are 
required  by  an  alternative  classical  design.  The 
gratings  were  designed  by  American  Holographies, 
Inc.  Although  the  first  set  was  expensive,  succes¬ 
sive  sets  were  quite  economical.  Tables  II  and  III 
summarize  grating  characteristics  and  spectrograph 
design  parameters. 

The  number  of  spectrographs  and  gratings  re- 
qviired  to  cover  the  wavelength  range  from  114  to 
1090  nm  was  determined  primarily  by  the  spectral 
dispersion  that  is  required  for  a  diagnostic  spectrum. 
At  short  wavelengths  the  airglow  spectrum  is  fine 
structured  and  requires  an  ~0.3-0.5-nm  spectral 
half-width  to  separate  blends  and  determine  rota¬ 
tional  structure  in  molecular  bands  when  accurate 
spectral  modeling  is  used.  At  the  longer  wavelength 
end  of  the  spectrum  band  systems  are  broader,  which 
reduces  the  dispersion  requirement  somewhat.  The 
length  of  the  CCD  array  and  the  pixel  size  determine 
the  plate  dispersion.  For  a  spectrograph  the  ideal 
transmission  function  is  rectangular  and  2  pixels  in 
width;  therefore  the  576-pixel  array  can  record  288 
spectral  elements  along  its  length  or  ~  100  nm  for  a 
0.3-nm  width.  Secondary  constraints  included  the 


Tabl«  I.  Spectrograph  Characterlatica 


Spectrograph 

Designation 

Wavelength  Range 
(mn) 

Resolution 

(nm) 

Photosensitive 

Material 

Dispersion 
(nm /pixel) 

Quantum 

Efficiency 

F  Ratio 

Sensitivity 
(DN/s) 
per  Rayleigh 

1 

1090-900 

1.3 

Si* 

0.32 

0.1 

2.9 

0.003 

2 

930-764 

0.9 

GaAs 

0.29 

0.18 

4.1 

1.4 

3 

774-808 

0.9 

0.29 

0.18 

4.1 

0.8 

4 

617-532 

0.45 

S-20 

0.15 

0.12 

4.1 

0.7 

6 

548-462 

0.45 

0.15 

0.12 

4.1 

1.25 

6 

468-382 

0.45 

S-20 

0.15 

0.25 

4.1 

0.3 

7 

385-300 

0.45 

0.15 

0.25 

4.1 

0.7 

8 

302-200 

0.54 

CsjTe 

0.18 

0.06 

4.1 

0.3 

9 

220-114 

0.54 

0.18 

0.05 

4.1 

0.3 

•Unintensified. 
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An^eof 


Grating 

Number 

Wavelength 
Range  (nm) 

Slit-Grating 
Distance  (mm) 

Grating-Detectof 
Distance  (mm) 

Incidence 

(deg) 

Angle  of 
Diffiaction 

Angle,  Slit^ 
Detector  Center 

1 

1090-900 

259.5 

277.7 

11.6 

2.5 

9.0 

2 

930-764 

271.2 

276.6 

10.9 

2.7 

8.3 

3 

774-608 

271.0 

276.3 

9.7 

1.4 

8.3 

4 

617-532 

263.3 

279.7 

13.4 

4.4 

9.0 

5 

548-462 

268.0 

279.4 

12.1 

3.1 

9.0 

6 

468-382 

271.2 

277.0 

10.2 

2.7 

7.5 

7 

386-300 

271.0 

276.8 

9.0 

1.5 

7.5 

8 

302-200 

276.9 

274.7 

1.2 

-7.8 

9.0 

9 

220-114 

276.2 

274.0 

2.5 

-6.5 

9.0 

The  spectral  plane  is  perpendicular  to  the  line  between  the  grating  center  and  the  detector  center. 
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TablallL  SpwtroflrapI)  DMign  Paraiiwtari 


Instrument  Parameters 

Dual  Grating 

Single  Grating 

Full  pixel  array  (per  spectrum) 

ISO  X  576 

380  X  576 

Element  size  (monochromatic 

180  X  2 

360  X  2 

slit  image,  mm) 

Grating  radius  of  curvature 

275 

276 

(mm) 

Slit  dimensions  (mm) 

0.04  X  4.0 

0.04  X  8.0 

Grating  dimensions  (mm) 

35  X  100 

70  X  100 

Effective  f  number 

4.1 

2.9 

separation  caused  by  the  photocathode  response  and 
the  goal  of  a  reasonably  small  size.  With  these 
constraints  the  spectrum  from  114  to  1090  nm  was 
divided  into  nine  overlapping  bands  (Table 
I).  Although  it  is  possible  to  bi^d  nine  identical 
spectrographs  to  cover  the  spectral  range,  such  a  unit 
would  be  too  large  for  a  practical  fli^t  instrument. 
By  using  two  gratings  in  each  spectrograph  we 
achieved  a  tractable  instrument  size.  Reducing  the 
grating  area  results  in  a  loss  in  throughput  by  a  factor 
of  2.  By  reducing  the  slit  length  to  allow  the  two 
spectra  to  be  recorded  side  by  side  on  a  sin^e  CCD, 
the  detector  area  is  also  reduced  by  a  factor  of  2  (Fig. 
5).  The  accumulated  reduction  in  throughput  is 
therefore  a  factor  of  4. 

Spe^ograph  1  is  an  exception.  The  photoelectric 
sensitivity  in  the  900-1090-nm  range  is  compara¬ 


tively  low  for  either  of  the  possible  detectors,  bare 
silicon  of  the  CCD  or  the  SI  photocathode.  The  bare 
CCD  was  selected  because  the  Si  photocathode  re¬ 
quires  Bp>ecial  cooling,  which  might  not  be  available, 
and  the  sensitivities  are  not  much  different.  For 
this  spectrograph  we  chose  a  lower  dispersion  to  allow 
a  sin^e  grating  to  be  used  for  optimum  throughput. 

The  position  of  the  ICCD  detector  was  unique  for 
each  spectrograph.  The  optical  design  requir^  that 
the  grating-slit  distance  he  common  for  all  spectro¬ 
graphs  and  that  the  detector  be  perpendicular  to  the 
line  from  the  grating  center  to  the  detector  center. 
This  condition  places  all  the  variability  in  the  five 
spectrographs  in  the  detector  position.  A  special 
coupler  was  designed  for  each  spectrograph  to  satisfy 
these  optical  design  requirements. 

Foreoptics 

The  FOV  of  the  spectrographs  was  specified  to  be  2.3° 
to  encompass  the  scale  of  emissions  at  the  expected 
range  to  the  target.  Since  the  spectrograph  slit  was 
4  mm  long,  a  100-mm  focal  length  was  required. 
A  single  lens  could  be  used,  but  the  diameter  would 
have  been  50  mm  and  a  sizable  ba£9e  system  would  be 
required.  Instead  cylindrical  optics  were  used  to 
simplify  the  baffiing  and  minimize  the  volume  of  the 
optical  enclosure. 

The  folded  refractive  optical  system  is  shown  in 
Figs.  3  and  4  and  in  the  more  detailed  Fig.  6.  Inter- 


8.4  mm  - 
304  pixels 


Fig.  5.  Organization  of  the  two  spectra  dispersed  onto  one  ICCD.  Readout  proceeds  by  shifting  the  charges  in  the  top  row  of  pixeb 
horizontally  and  digitizing  them  one  by  one.  The  charge  on  aUpUelaia  then  shifted  vertically  by  one  row.  This  sequence  ia  repeated  until 
the  charge  that  is  collected  on  all  pizela  has  been  sampled  aerially.  The  charge  from  more  than  one  pixel  can  be  shifted  into  the  output 
capacitor  resulting  in  an  on-chip  charge  summation.  Typically  several  pixels  are  summed  horizontally  (the  direction  parallel  to  the  sUt). 
The  readout  pattern  is  computer  controlled. 
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Fig,  6.  Cross  section  of  the  refractive  foreoptics  that  are  used  for 
all  but  the  UV  spectrograph.  The  FOV’s  across  and  along  the  slit 
are  controlled  separately  with  crossed  cylindrical  optics. 


nal  reflection  in  a  prism  serves  as  the  folding  element 
to  minimize  reflective  losses.  A  ray  trace  showed 
that  some  of  the  rays  that  strike  the  slit  prism  would 
not  be  internally  reflected,  so  the  back  surfaces  of 
these  prisms  were  silvered.  Crossed  cylindrical  lenses 
image  the  target  on  the  slit.  A  cylindrical  lens  of 
19-mm  focal  length  is  located  19  mm  from  the  slit. 
The  slit  width  of  0.045  mm  restricted  the  angular 
width  of  the  FOV  to  0.14“  outward  from  the  lens. 
The  width  of  the  grating  acceptance  angle  through 
the  slit  at  the  lens  was  7  mm.  The  second  cylindri^ 
lens,  of  100-mm  focal  length,  is  located  100  mm  from 
the  slit  where  the  cross-sectional  area  of  the  projected 
grating  acceptance  angle  is  ~  7.2  mm  x  30  mm.  The 
cross-sectional  area  at  entry  to  the  baffle  is  7.4  mm  x 
32.2  mm. 

Two  spectrographs  require  special  attention.  Spec¬ 
trograph  1  has  an  entrance  slit  8  mm  long  and 
therefore  requires  a  focal  length  of  200  mm  to  match 
the  FOV  of  the  other  spectrographs.  The  addition  of 
a  concave  25-mm  focal-length  cylindrical  lens  and 
adjustment  of  the  position  of  the  100-mm  lens  re¬ 
sulted  in  an  effective  focal  length  of  200  mm.  Reflec¬ 
tive  cylindrical  foreoptics  were  needed  for  spectro¬ 
graph  5,  which  covers  the  wavelength  range  from  115 
to  320  nm  (Fig.  7).  Although  the  problem  of  chro¬ 
matic  aberration  in  refractive  optics  was  eliminated, 
considerable  spherical  aberration  was  introduced  by 
the  short  focal-length  cylindrical  surface.  Three  re¬ 
flections  were  required  to  match  the  FOV  require¬ 
ments.  The  reflective  surfaces  were  coated  to  en¬ 
hance  UV  reflection  to  1150  A. 

Thermal  Compensation 

For  most  satisfactory  performance  the  CCD’s  and 
intensifiers  should  be  at  a  temperature  below  -  10“C. 
At  these  temperatures  both  the  CCD  leakage  current 
and  intensifier  shot  noise  are  small  during  an  expo¬ 
sure  time  of  10  s.  To  achieve  this  temperature  the 
whole  spectrograph  is  radiatively  cooled.  Alignment 
is  done  at  room  temperature,  and  the  Shuttle  Pallet 
Satellite  flight  thermal  model  predicts  temperatures 
as  low  as  -70“C.  This  is  a  temperature  range  of 
100“C,  which  implies  a  change  of  ~  0.07  cm  in  length 


Fig.  7.  Cross  section  through  the  reflective  foreoptics  of  the  VV 
(115-320  mn)  spectrograph.  The  refractive  optics  of  Fig.  5  are 
replaced  with  the  equivalent  cylindrical  reflective  components. 
Considerable  spherical  aberration  in  the  FOV  is  introduced  but 
does  not  reduce  the  data  quality. 

of  the  spectrograph  body  over  the  focal  length  of  27.5 
cm  caused  by  thermal  contraction.  A  change  in 
focus  of  only  0.012  cm  would  degrade  the  spectral 
resolution.  Therefore  the  grating-detector  separa¬ 
tion  is  thermally  compensated  by  the  mechanical 
design  and  material  selection.  The  gratings  in  the 
sjjectrograph  are  deposited  on  Zerodur  blanks,  which 
have  a  coeflScient  of  thermal  expansion  near  zero. 
To  maintain  focus  through  the  temperature  extreme 
the  position  of  the  grating  relative  to  the  slit  and 
dete^r  is  established  by  Invar  rods  that  are  29.2  cm 
long  between  clamps,  which  limits  the  change  in 
focus  to  1  X  10’*  cm  for  LT  =  100“C.  A  stainless- 
steel  diaphragm  is  sandwiched  in  the  grating  holder 
and  attached  to  the  spectrograph  frame.  This  dia¬ 
phragm  provides  lateral  support  of  the  grating  but 
deforms  to  allow  longitudinal  motion.  Invar  rods 
extend  from  the  four  comers  of  the  grating  holder  to 
flxed  points  near  the  image  plane  as  noted  above. 

Passband  Imagers 

Airglow  Imaging 

The  main  purpose  of  imaging  in  this  investigation  is 
to  provide  information  about  the  spatial  distributions 
of  a  variety  of  species.  It  is  also  designed  to  allow 
pointing  of  the  spectrographs  accurately  and  provide 
a  photometric  map  of  extended  gas  clouds  that  are 
being  analyzed  by  the  spectrographs;  therefore  high 
spatial  resolution  is  not  necessary.  Imaging  must  be 
done  simultaneously  to  properly  associate  the  band¬ 
pass  images  to  changing  conditions  and  to  be  contem¬ 
poraneous  with  the  one-dimensional  image  of  the 
spectrograph.’  For  this  reason  we  use  multiple  imag¬ 
ers  instead  of  a  filter  wheel.  The  CCD  image  frame 
of  384  X  288  pixels  was  subdivided  into  six  arrays  of 
128  X  144  pixels  (Fig.  8).  With  two  CCD’s  we  expose 
12  images  simultaneously.  Flexible  fiber-optic  im¬ 
age  conduits  collect  the  images  directly  or  from 
intensifiers  and  transfer  them  to  the  CCD’s. 

Because  of  the  small  image  format  (2.8  mm  x  3.2 
mm),  miniature  optics  can  be  used,  and  up  to  six 
images  can  be  formed  on  a  single  standard  18-mm 
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Fig.  8.  Schematic  diagram  of  the  imager  components.  Coherent 
hber-optic  bundles  transfer  the  passband  images  to  one  of  two 
CCD’s. 


image  intensifier.  Broadfoot  and  Sandel'  point  out 
that  the  photometric  efficiency  £  of  an  imager  is 
independent  of  the  size  of  the  imager  since  the 
throughput  is  proportional  to  the  detector  area  A  and 
the  solid  angle  of  illumination  fl,  where  the  solid 
angle  n  is  in  turn  proportional  to  the  reciprocal /ratio 
squared;  that  is,  E  «  A//’.  The  area  of  the  detector 
is  the  pixel,  which  is  a  constant  of  the  system.  The  f 
ratio  is  independent  of  the  size  of  the  optics.  The 
design  parameter  remaining  is  to  satisfy  the  FOV  by 
selection  of  the  focal  length,  then  to  optimize  the 
aperture  to  minimize  the  f  ratio. 

Imager  Set 

Figure  8  summarizes  the  imager  sets.  The  sets  are 
classified  as  narrow  angle  (N)  or  wide  angle  CW)  and 
are  referred  to  by  the  wavelength  regions  of  UV,  VIS, 
and  IR.  Images  formed  by  the  lenses  are  conducted 
by  flexible  fiber-optic  bundles  to  two  CCD’s.  The 
two  IR  imagers  are  not  intensified.  Proximity  fo¬ 
cused  image  intensifiers  are  used  to  intensify  the 
remaining  10  images.  The  light  from  the  phosphor 
is  conducted  by  the  fiber-optic  faceplate  to  a  flexible 
fiber-optic  image  conduit.  The  light  is  conducted  to 
a  third  fiber-optic  window,  which  is  in  contact  with 
the  surface  of  the  CCD.  The  images  were  arranged 
in  groups  of  six  as  illustrated  in  Fig.  9  on  the  image 
half  of  the  CCD.  The  UV  images  were  split  to 
minimize  the  effect  of  a  failure  in  a  single  CCD.  In 
retrospect  this  arrangement  was  more  complicated 
than  needed;  future  instruments  would  not  use  such 
an  arrangement. 

The  imager  complement  that  is  needed  to  satisfy 
the  scientific  requirements  is  listed  in  Table 
rV.  Eight  imagers  record  UV  emission  in  four  dif¬ 
ferent  passbands  in  the  150-270-nm  wavelength 
range.  Four  of  these  have  a  FOV  of  ~2‘’  to  match 
the  spectrographs.  The  remaining  four  imagers 
have  similar  passbands  but  25°  FOV’s  to  examine  the 
larger  context  of  the  spectrographs  and  narrow-angle 
imagers. 


Fig.  9.  Locations  of  images  on  one  of  the  two  CCD’s  that  are  used 
for  imaging.  The  frame  transfer  capability  of  the  CCD  is  used  to 
move  the  image  to  the  storage  area.  Exposure  continues  while  the 
storage  area  is  being  digitixed.  ’The  second  imaging  CCD  records 
the  remaining  six  images  in  a  similar  way. 


Wide  and  narrow-angle  unintensified  imagers  as¬ 
sist  in  several  ways.  Their  wavelength  band  is  re¬ 
stricted  to  the  IR  region  around  900  nm,  which  is 
probably  an  important  region  for  shuttle  glow.  The 
NIR  (2°  FOV)  will  define  the  pointing  of  the  spectro¬ 
graphs.  The  WIR  (18°  FOV)  surveys  the  field  and 
detects  bright  sources  that  should  be  avoided  by  the 
intensified  channels.  The  shuttle  glow  is  also  the 
target  of  interest  for  the  other  two  medium-field  (5° 
FOV)  imagers  that  cover  two  visible  bands. 

Infrared  Imagers 

The  IR  imagers  are  the  most  straightforward  since 
the  image  is  formed  directly  on  the  end  of  the  flexible 
fiber-optic  bundle.  The  lens  for  the  wide-angle  im¬ 
ager  is  a  commercial  lens  of  9-mm  focal  length  and 
5-mm-diameter  lens.  A  filter  between  the  lens  and 
the  fiber  bundle  limits  the  wavelength  to  >  700  nm. 
The  lens  and  filter  are  located  in  the  center  of  a  plate 
that  is  spaced  from  the  image  plane  to  focus.  Figure 
10  illustrates  the  mechanic^  layout.  A  standard 
frame  size  that  is  50  mm  square  was  used  for  most  of 
the  imagers’  sections.  The  insides  of  the  baffle  tubes 
were  machined  to  a  common  diameter  so  that  baffles 
and  spacers  for  most  imagers  have  a  common  outside 
diameter.  Inside  diameters  of  the  baffles  were  ma¬ 
chined  in  a  jig,  which  allowed  all  baffle  sets  to  be 
machined  as  a  group  and  provide  tapered  knife-edges. 
The  baffles  and  spacers  were  stacked  in  the  b^e 
tube  and  held  in  by  a  jam  nut.  The  walls  of  the  baffle 
tubes  were  machined  to  leave  a  wall  thickness  of  1.3 
mm  between  square  endplates. 

Figure  11  is  a  section  through  the  narrow-angle  IR 
imager.  A  lens  with  a  75-mm  focal  length  and 
40-mm  diameter  was  selected  for  this  application. 
In  both  IR  imagers  the  end  of  the  fiber-optic  bundle 
can  be  moved  to  adjust  the  focus. 
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Fig.  10.  Wule>angle  IR  imagtr.  No  imagt  intensifier  u  used  for  this  pastbsnd. 


Visible  Wavelength  Imagers 

Figure  12  is  a  cross  section  throu^'  the  two  visible 
imagers.  Two  identical  lenses  (fo^  length,  36  mm; 
diameter,  9  nun)  form  separate  images  on  the  photo¬ 
cathode  of  a  sii^de  proximity  focused  image  intensi¬ 
fier.  The  fiber-optic  output  of  the  intensifier  is 
coupled  to  the  flexible  fib^-optic  bundle  to  transfer 
the  image  to  the  CCD. 

Wide-Angle  UV  imagers 

The  WUV*s  presented  some  special  problems.  Given 
the  chosen  image  size,  the  desired  field  of  25”  implies 
a  focal  length  of  6.8  mm.  Using  such  a  short  focal- 
length  lens  was  complicated  by  the  fact  that  the 
intensifer  wmdow  was  6  mm  thick.  Reimaging  de¬ 
signs  using  refractive  spherical  optics  were  eonsid- 
ei^,  but  they  presented  many  problems  and  did  not 
provide  better  imaging  tlum  the  single  lens  that  was 
used.  The  wide-angle  lens  consists  of  a  MgFj  hemi¬ 
sphere  and  a  spacer  that  form  an  image  on  the 
photocathode.  An  aperture  stop  at  the  baw  of  the 
hemisphere  limits  image  aberrations.  Ray  tracing 
showcHd  significant  changes  in  the  imaging  properties 
from  the  center  to  edge  of  the  image  plane  caused  by 
the  change  in  focal  distance.  The  two  adjustable 
parameters  were  the  size  of  the  aperture  stop  and  the 
focal  plane  distance.  It  was  draonstratad  that  a 
fairly  uniform  image  quality  over  the  image  plane 
could  be  achieved  with  an  f/2  aperture  stop  and  with 
the  image  plane  at  the  median  distance  between  the 
best  focus  for  on-axis  and  edge  rays.  Most  (60%)  of 
the  rays  fall  inside  a  circle  of  2-pixel6  diameter,  litis 
is  an  acceptable  resolution  for  an  imager  that  is 
intended  to  detect  changes  in  the  surface  brqdttnass 
of  attended  gaa  douds. 

Figure  13  is  a  cross  section  throu|d>  two  of  the 
imafi^rs.  The  proximity-focused  ima^  intensifier 
has  a  MgF',  window  and  a  G^Te  photooithode  with  a 


sensitive  area  that  is  17  mm  in  diameter.  The  center 
of  the  images  lies  on  a  drde  that  is  12.75  nun  in  di¬ 
ameter,  which  is  common  to  all  the  multiple  imagers. 

Narrow.Angle  UV  Imagers 

The  design  goals  for  the  NUV  (2”)  set  were  to  achieve 
a  minimum  mass  by  using  only  one  image  intensifier 
while  maximizing  the  t^u^put  and  minimizing 
cost  A  trade-oflf  study  of  bo&  refractive  and  reflec¬ 
tive  optics  was  carried  out  in  parallel  with  a  search  for 
commercially  available  lens  systems.  Refractive  de¬ 
signs  could  be  used  but  require  changes  for  each 
wavdength.  The  reflective  design  seemed  more  gen¬ 
eral  A  hi^-speed  reflective  optics  lens  manufac¬ 
tured  by  the  Nye  Optical  Company  appeared  to  have 
the  best  characteristics.  It  employs  a  spherical  pri- 
surface  and  an  aspherical  secondary  in  a  Casseg¬ 
rain  configuration.  The  efiective  focal  length  is  M 
mm,  and  effective  focal  ratio  is  1.1. 

Mechartical  modifications  of  the  selected  lens  were 
needed  to  have  four  optical  axes  and  thereby  four 
irnagm.  A  cross  section  of  this  imsger  is  shown  in 
Fig.  14.  The  lens  was  aawed  into  four  piewtiiaped 
sections,  whidi  were  then  separated  by  the  sqipropri* 
ate  distance,  i.e.,  12.75  mm  as  mentionkiabove.  The 
secondary  was  reassembled  and  bonded  to  a  backplate 
of  mguupriate  material.  Provision  was  made  to  ad¬ 
just  ue  primary  sactions  individually.  Preliminajy 
adjustments  were  made  at  visible  wavelengths  before 
the  bandpass  filters  and  the  CsiTe  intenidfier  were 
installed. 

MeneMid  C(^  Detects 

A|^>Ueation  of  the  intensified  CC3)  detector  hu  been 
diacusaed  in  detail  in  a  companioD  pm)er.‘  The 
principles  outlined  there  have  bm  used  to  define  the 
AJS.Fi^iure  15  shows  an  ICCD  assembly. 

Proxunity-focused  image  intensifiers  were  pro- 
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Fig.  12.  Two  vitible  intensified  imagers  (VIS  700, 500). 


cured  from  several  manufacturers.  Four  cathode 
materials  wm?e  used  to  cover  the  spectrum  (Tables  I 
and  I^.  Two  special  ^>ecifications  were  placed  on 
the  intensificTs:  (1)  dying  leads  and  (2)  a  transpar* 
ent  conductive  coating  on  the  dber-optic  output  win¬ 
dow.  Althou^  all  intensifiers  could  have  been 
obtained  wi^  wraparound  power  supplies  in  essen¬ 
tially  the  same  mechanical  envelope,  we  prefer  to 
control  the  intensifier  gain  with  di^tally  controlled 
high-volt^  power  supplies.  The  conductive  coat¬ 
ing  isolates  the  CCD  finm  any  charge  leakage  caused 
by  the  hi^  voltage  (6000  V)  on  the  intensifier  anode. 

Intensifiers  from  difierent  manufacturers  tend  to 
have  difiSsrent  dimensions;  thus  a  special  external 
shell  was  needed  to  establish  a  common  interface 
between  the  instrument  and  the  CCD  assembly.  The 
housing  is  close  fitting  with  potting  cav^ea.  A 
SO-mm  X  50-mm  format  about  the  detector  axis  is 
maintained  on  three  aides.  Special  attention  was 
given  to  ensuring  that  the  fiber-optic  window  was 
plane  with  the  ba^  surface  of  the  housing  when  the 
intensifier  is  potted  into  place.  The  flying  leads  were 
led  through  cavities  to  Remolds  167-3770  connec¬ 
tors.  The  cavities  were  potted  for  insulation  pur- 
pcset. 

Figure  16  illustrates  the  ICCD  configuration.  The 
fiber-optic  wiiulow  Is  oil  coupled  to  the  fkce  of  the 
CCD.  AceremiefraraeisusMtoattachthewiridow 
to  Uie  CCD  package.  This  CCD  assembly  is  then 
positioned  in  the  burger  housing  with  the  window 
pbme  with  the  surikce  of  the  housing,  since  this  is  the 
icterfsoe  to  the  intensifier.  A  small  copper  evaport- 
tor  with  a  copper  inlet  and  outlet  tubes  is  coupwd  to 
the  tear  of  the  CCD  package  for  cooling.  The  con¬ 
tacts  to  the  CCD  pins  are  provided  by  a  constantan 


wire  leading  out  the  back  The  cavity  around  the 
CCD  pins  is  covered  and  the  cavity  is  potted.  The 
CCD  housing  and  covers  are  made  of  Delrin,  whidi 
was  chosen  for  its  dectrical  and  thermal  insulating 
properties.  Two  printed  circuit  boards  are  stacked 
on  the  back  of  the  housing,  one  for  CCD  biasing  and 
dodking  and  one  for  the  preamplifier.  A  recirculat¬ 
ing  Freon  refrigeration  system  cools  the  CCD  to  its 
operating  temperature,  which  is  '20'’C  or  lower, 
.^though  the  A^/Shutde  Pallet  Satellite  instrument 
is  radiativtty  (xwled  in  space,  cooling  is  required  for 
lalxmitoiy  operation  and  most  ground-based  applica¬ 
tions. 

We  have  tried  thermoelectric  cooling  of  the  CCD 
without  much  success.  The  heat  load  throu^  the 
fiber-optic  window  is  Large,  which  requires  hi^  cur¬ 
rents  and  therefore  efficient  heat  sinking.  This  is 
not  consistent  with  the  small  size  that  is  desired. 

The  CCD  readout  drcuitiy  is  enclosed  in  the  elec¬ 
tronics  compartment  below  the  spectrographs.  Doth 
the  clocking  and  the  analog  signal  line  are  shared 
among  the  CCD’s.  The  ele^nics  can  control  eight 
CCD’s  and  intensifiera,  as  discussed  below. 

Photometric  SensilMty 

The  sensitivity  of  both  spectrographs  and  imagers  is 
discussed  in  the  companion  paper.'  This  swtion 
deabi  with  the  technique  of  cidibrating  the  instru¬ 
ments  and  results.  Finally  the  results  are  reconciled 
with  the  calculations  to  relate  the  design  expectations 
to  the  instrument  performenoe.  The  tools  tbit  vrere 
used  to  perform  the  insfrument  calibn^on  include 
continuum  light  sources  (quartz  iodide  lamps,  hydro¬ 
gen  lamps),  a  set  of  calibrated  passband  filters,  a 
dete^or  that  has  been  calibrated  againid  a  National 
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Fig.  14.  Set  of  four  narrow-angle  ultraviolet  imagers  (160,  200,  235,  260).  The  Cassegrain  design  uses  a  four-segment  optical  system  to 
form  separate  images  in  each  of  foxir  passbands. 


Fig.  15.  Intensifier-CCD  assembly.  The  refrigeration  evaporator  is  used  only  for  laboratory  testing.  The  AIS  is  passively  cooled  in 
flight. 


Table  IV.  AIS  Imager  Charactarlatlcs 
Angular 

POV  ►  Sensitivity 

Wavelength  1  Photo-  Angular  Quantum  (dn/s) 


Imager 

Number 

Imager 

Type 

Imager 

Designation 

Peak  (hw) 
(nm) 

Ax  El  1 

(deg)  ' 

sensitive 

Material 

Resolution 

(deg/pneel) 

Efficiency 

(%tran8.) 

F  Ratio 

per  Rayleigh 
per  Pixel 

1 

NUV 

NUV  160 

160  (25) 

1.8 

1.6 

CsjTc 

0.013 

0.05 

2.2 

0.076 

2 

NUV 

NUV  200 

200  (25) 

1.8 

1.6 

0.013 

0.06 

2.2 

0.070 

3 

NUV 

NUV  235 

235  (25) 

1.8 

1.6 

0.013 

0.06 

2.2 

0.13 

4 

NUV 

NUV  260 

260  (25) 

1.8 

1.6 

0.013 

0.06 

2.2 

0.39 

5 

WUV 

WUV  160 

160  (25) 

25 

21 

CsjTe 

0.17 

0.05 

2.2 

0.58 

6 

WUV 

WUV'200 

200  (25) 

25 

21 

0.17 

0.06 

2J2 

0.55 

7 

WUV 

WUV  235 

235  (25) 

25 

21 

0.17 

0.06 

2.2 

0.65 

8 

WUV 

WUV  260 

260  (25) 

25 

21 

0.17 

0.06 

2.2 

1.6 

9 

Medium  VIS 

VIS  600 

500  (200) 

6.0 

5.3 

S-20 

0.042 

0.11 

2.6 

4.0 

10 

Medium  VIS 

VIS  700 

700  (200) 

6.0 

5.3 

0.042 

0.09 

2.6 

2.3 

11 

wm 

WrR900 

900  (400) 

21 

19 

Si- 

0.15 

0.1 

2.3 

0.098 

12 

Nm 

NIR900 

900  (400) 

2.3 

2.0 

Si* 

0.016 

0.1 

2.3 

0.082 

'Unintensified  CCD. 
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Tabt«  V,  Mm*  and  Olmanalona  o>  AIS  Componanta 


AIS 

Component 

Mass 

(kg) 

Dimensions: 
Height  X  Length  x 
Width  (cm) 

Scan  platform 

75  ^ 

60  X  40  X  36 

Instrument  conU-ol  unit 

10 

23  X  36  X  33 

Low-voltage  power  supply 

8 

10.5  X  35  X  26 

High-voltage  power  supply 

8 

10  X  30  X  23 

Data  recording  unit 

15 

20  X  50  X  25 

Motor  driver  box 

1 

5.2  X  18  X  9.4 

Cables 

7 

Bureau  of  Standards  standard  detector,  and  a  dif¬ 
fusing  screen  that  filled  the  FOV  of  the  spectrograph 
or  imager  being  calibrated. 

Two  techniques  were  used  to  calibrate  the  spectro¬ 
graphs.  The  first  approach  was  to  iUuminate  the 
diffusing  screen  with  the  light  source  and  bandpass 
filter.  Filters  were  available  for  at  least  two  wave¬ 
length  regions  within  the  spectral  range  of  each 
spectrograph.  The  spectrum  was  recorded  for  each 
of  the  bandpass  filters,  and  the  screen  brightness  was 
measured  with  the  standard  detector.  The  spectro¬ 
graph  record  verified  the  transmission  function  of  the 
filter.  The  integral  of  the  recorded  spectrum,  com¬ 
pared  with  the  brightness  that  is  measured  by  the 
standard  detector,  determined  the  instrument  sensi¬ 
tivity  at  each  filter  wavelength.  Second,  the  dif¬ 
fusing  screen  was  illuminated  by  a  stabilized  contin¬ 
uum  source.  The  continuum  was  recorded  by  all 
spectrographs  simultaneously.  The  diffusing  screen 
was  observed  by  the  standard  detector  through  the 
bandpass  filters  to  establish  its  brightness  in  specific 
wavelength  bands.  The  spectrographic  record  estab¬ 
lished  the  run  of  intensity  in  the  continuum.  The 
comparison  of  the  brightness  that  was  measured 
through  the  bandpass  filter  with  the  recorded  contin¬ 
uum  spectrum  established  the  sensitivity.  The  re¬ 
sults  of  several  calibrations  are  given  in  Table  I  along 
with  other  parameters  that  are  useful  in  comparing 
spectrographs.  The  sensitivity  is  reasonably  con¬ 


stant  through  the  spectral  range  of  each  spectro¬ 
graph. 

The  second  calibration  method  described  above  is 
the  most  useful  for  field  work  and  for  reconciling 
possible  differences  between  spectrographs  in  their 
regions  of  overlap.  The  continuum  intensity  can  be 
reproduced  by  using  regulated  power  supplies  and 
confirmed  by  monitoring  with  a  standard  detector 
and  single  bandpass  filter  at  a  preferred  wavelength. 

Calibration  of  the  imagers  was  straightforward. 
The  continuum  source  was  used  to  illuminate  the 
screen,  and  the  continuum  brightness  was  deter¬ 
mined  by  the  filters  and  standardized  detector  as 
describe  above.  The  sensitivity  determined  for  each 
imager  is  given  in  Table  fV,  along  with  other  charac¬ 
teristics  of  the  imagers. 

In  the  companion  paper'  the  expected  sensitivity 
was  calculated  in  terms  of  the  rayleigh-second  (R-s), 
which  is  the  emission  rate  in  rayleighs  that  is  re¬ 
quired  to  provide  a  signal-to-noise  ratio  of  unity  in  1  s. 
The  calculation  assumes  that  the  ICCD  detection 
system  has  photon-counting  efficiency,  and  therefore 
the  result  is  the  count  rate,  in  photoevents  per 
second,  that  results  from  an  emission  rate  of  1 
rayleigh.  The  difference  in  the  calculation  and  the 
meastirement  is  in  the  gain  of  the  system;  the  average 
signal  level  per  photoevent  can  be  calculated  by 
combining  the  two  measurements.  If,  for  example,  a 
1-rayleigh  emission  rate  produces  2.9  DN/s,  and  the 
sensitivity  is  4  R-s,  a  single  photoevent  gives  an  aver¬ 
age  signal  level  of  11.6  DN,  where  DN  is  a  data 
number  equal  to  one  unit  in  the  analog-to-digital 
conversion. 

Arizona  Imager/Spectrograph  Subsystems 

The  AIS  subsystems  include  the  sensor  head  with  the 
spectrographs  and  imagers,  the  scan  platform,  the 
instrument  control  unit,  the  low-voltage  power  sup¬ 
plies,  the  high-voltage  power  supplies,  the  data  record¬ 
ing  unit,  the  motor  drive  box,  and  interconnecting 
cabling.  Table  V  lists  the  mass  and  dimensions  of 
these  subsystems.  Figure  16  shows  a  block  diagram 
of  the  subsystems  and  their  interconnections. 


Fig.  16.  Block  diagram  of  the  AIS  electronics  subsystems. 
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Table  VI.  Micro  Computer  Memory 


Memory  Type 

Kbytes 

Boot  ROM  (fused  link) 

8 

Capacitor  backed-up  RAM 

4000 

EPROM 

384 

RAM 

256 

Data  RAM  (double  ported) 

3000 

Scan  Platform 

A  scan  platform  can  direct  the  coaligned  FOV’s  of  the 
AIS  to  specified  targets.  The  platform  has  two  axes 
of  rotation,  which  we  refer  to  as  azimuth  and  eleva¬ 
tion.  The  sensor  head  is  suspended  between  two 
bearings  on  the  elevation  axis.  This  assembly  is 
mounted  on  a  turntable  that  provides  the  azimuth 
rotation.  Both  motions  are  driven  by  stepping  mo¬ 
tors  through  worm  gears.  For  stren^h  and  reliabil¬ 
ity,  the  worm  gears  were  doubly  tapered  cone  gears 
manufactured  by  Cone  Drive  Textron,  which  engage 
19  teeth.  The  step  size  is  0.0082°  in  elevation  and 
0.014°  in  azimuth.  The  rotation  range  in  elevation 
is  -60°  to  135°  from  the  horizontal  and  in  azimuth 
-175°  to  +175°.  The  scan  rates  are  105°/min  in 
azimuth  and  52°/ min  in  elevation.  The  position  is 
measured  in  terms  of  the  number  of  steps  from  a 
fiducial  microswitch  for  each  axis. 

Instrument  Control  Unit 

All  AIS  functions  are  initiated  in  the  computer  that 
are  housed  in  the  instrument  control  unit.  This 
circuitry  can  be  divided  into  three  sections:  the 
microcomputer,  the  CCD  controller,  and  the  interface 
circuitry.  A  VME  bus  backplane  was  used,  and  all 
circuitry  was  fabricated  on  double  Eurocard  printed 
circuit  boards. 

A  complementary  metal-oxide  semiconductor  single¬ 
board  computer  controls  the  AIS.  Important  changes 


to  provide  reliability  and  flexibility  were  made  in  the 
memory  addressable  by  the  80C86  microprocessor. 
The  memoiy  sections  are  listed  in  Table  VI.  A 
custom  boot  program  was  written  for  the  BIOS  read¬ 
only  memory  (ROM).  All  the  essential  startup  and 
communications  subroutines  were  included  in  the 
BIOS,  which  was  written  into  the  Fused  Link  ROM. 
The  bit  patterns  in  this  memory  cannot  be  altered 
permanently  by  high-energy  particle  penetration. 
The  operational  programs  for  the  AIS  were  written 
into  the  EPROM,  but  reUability  was  insured  by  provid¬ 
ing  three  copies  of  the  program  and  a  load  routine 
that  corrects  errors  to  the  bit  level. 

Variable  parameters  are  stored  in  capadtor-backed 
RAM  so  that  the  instrument  can  be  powered  down 
without  loss  of  information  on  the  current  instru¬ 
ment  configuration.  The  AIS  program  is  loaded 
from  the  EPROM  to  the  RAM  to  run.  A  3-Mbyte 
double-ported  memory  serves  for  data  accumulation 
and  buffering. 

Figure  17  is  a  diagram  of  program  flow.  When 
power  is  appUed  to  the  instrument  control  unit  the 
microcomputer  performs  the  CPU  health  check,  estab¬ 
lishes  the  engineering  telemetry  link,  and  completes 
the  instrument  functional  tests.  In  flight  selected 
science  data  and  engineering  data  are  queued  for  a 
real-time  low-rate  data  link.  Most  of  the  data  are 
collected  at  high  speed  in  the  data  memory,  then 
transferred  to  an  optical  disk  when  the  observation 
has  been  completed.  Most  of  the  observing  pro¬ 
grams  are  stored  in  the  EPROM  because  the  command 
uplink  capability  in  flight  is  quite  limited. 

The  C(i;D  controller,  referred  to  as  the  micro  con¬ 
trol  unit,  contains  a  simple  processor  and  memory. 
The  readout  format  of  the  spectrographs  (Fig.  5)  is 
selected  by  on-chip  or  off-chip  summation  to  form 
effective  pixels  that  are  long  and  narrow  by  summing 
in  the  direction  parallel  to  the  slit.  The  effective 
pixel  appears  to  be  1  x  iV  real  pixels,  the  length  N 
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Fig.  17.  Logical  blocks  of  the  AIS  control  software. 
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depending  on  the  spatial  resolution  that  is  required. 
The  imagers  can  be  read  out  with  oU'Chip  or  ofT-chip 
summation  to  form  larger  square  pixels  of  2  x  2,  3  x 
3,  etc.  Pixel  windows  are  addressable.  High-speed 
clocking  is  also  available;  the  pixel  shift  rate  can  be 
increased  from  the  1-MHz  rate  that  is  used  with 
digitization  to  a  4-MHz  rate  when  the  charge  is 
shifted  but  not  digitized.  Several  readout  formats 
can  be  stored  in  the  micro  control  unit  program 
memory.  Once  a  particular  program  is  activated  the 
micro  control  unit  free  runs. 

Power  Supplies  and  Data  Recorder 

The  low-voltage  power  supply  subsystem  contains 
nine  miniature  power  supplies  and  matching  EMI 
filters  that  are  manufactured  by  Integrated  Circuit 
Inc.  Turning  on  power  to  the  .AJS  activates  only  the 
power  supplies  that  power  the  instrument  control 
unit  microprocessor.  When  the  microprocessor  has 
performed  its  self-check,  it  can  power  other  parts  of 
the  system  as  required.  To  save  power  and  reduce 
heating,  power  supplies  are  turned  on  only  when  they 
are  ne^ed.  X 

Each  intensifier  has  its  own  high-voltage  power 
supply.  The  seven  units  were  manulacttired  by  K&M 
Electronics,  Inc.  (Model  M2225).  Digital  inputs  to 
each  supply  control  the  microchannel  plate  voltage 
and  photocathode  gating  potential. 

Most  of  the  data  that  are  collected  by  the  AIS  will 
be  stored  on  a  200-Mbyte  WORM  optical  disk  re¬ 
corder  manufactiired  by  OptoTech  and  ruggedized  to 
military  specifications  by  Mountain  Optech.  The 
optical  disk  and  its  power  converter  are  housed  in  a 
sealed  vessel  that  maintains  1  atm  of  pressure. 
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